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I. INTRODUCTION

There is overwhelming scientific agreement that human activities
are changing the global climate system and these changes are
already affecting human and natural systems. The observational
record shows that the planet is getting significantly warmer, with
eighteen of the nineteen warmest years on record occurring since
2001." Other observed changes include rising sea levels, ocean
warming and acidification, melting sea ice, thawing permafrost,
increases in the frequency and severity of extreme events, and a

1. State of the Climate: National Climate Report for January 2019, NOAA NAT’L CENTERS FOR
ENVTL. INFO., https://www.ncdc.noaa.gov/sotc/national/ [https://perma.cc/8BDB-CUP9]
(last visited Nov. 30, 2019).
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variety of impacts on people, communities, and ecosystems. There
are multiple lines of evidence linking these changes to
anthropogenic influence on climate.”

The consequences of climate change have received increasing
attention in recent years, as communities around the world have
been hit hard by climate-related natural disasters. The 2017
Atlantic hurricane season was the costliest on record: seventeen
named storms, including six major hurricanes, pummeled the
Caribbean and southern United States, causing unprecedented
flooding and devastation totaling approximately $370 billion
(USD) in worldwide damages.g That same year, Southeast Asia
experienced unusually heavy monsoon rains which killed over
1,200 people and affected over 45 million people across
Bangladesh, India, and Nepal." There were also a number of
record-breaking wildfires in 2017 and 2018, which claimed
hundreds of lives, thousands of structures, and millions of acres in
the Western United States, British Columbia, Europe, and Siberia.’
Other disasters include charttopping heat waves throughout the
Northern Hemisphere, severe droughts in Central and South
America and the Middle East, and record-breaking rainfall and
flooding events across all continents.” Significant advances in

2. U. S. GLOBAL CHANGE RESEARCH PROGRAM (USGCRP), FOURTH NATIONAL CLIMATE
ASSESSMENT: VOLUME II, 25-26 (2018).

3. Brian K. Sullivan, The Most Expensive U.S. Hurricane Season LEver: By the Numbers,
BLOOMBERG (Nov. 26, 2017), https://www.bloomberg.com/news/articles/QOI7—1 1-26/the-
most-expensive-u-s-hurricane-season-ever-by-the-numbers [https://perma.cc/VM95-LVU6].

4. Press Release: 16 Million Children Affected by Massive Flooding in South Asia, with Millions
More at Risk, UNICEF (Sep. 2, 2017), https://www.unicef.org/infobycountry/
media_100719.html [https://perma.cc/L285-MNNH].

5. See, e.g., Luis Gomez, California Wildfires: New Records Set by 2018 Fires, SAN DIEGO
UNION-TRIBUNE (Nov. 12, 2018), https://www.sandiegouniontribune.com/opinion/the-
conversation/sd-california-2018-wildfires-burn-with-historic-impact-20181112-htmlstory.html
[https://perma.cc/E5PV-V6YF]; Dale Kasler, Worst Wildfire Year Since When? More California
Acres Have Burned in 2018 Than the Past Decade, SACRAMENTO BEE, Nov. 16, 2018,
https://www.sacbee.com/latest-news/article221788220.html; Facts and Statistics: Wildfires, INS.
INFO. INST. (2019), https://www.iii.org/fact-statistic/facts-statistics-wildfires  [https://
perma.cc/FJ5C-2R8N]; Melissa Etehad, Wildfires Rage Across Europe as Countries Baittle Intense
Heat Wave, L.A. TIMES (Jul. 28, 2018), https://www.latimes.com/world/la-fg-wildfires-europe-
20180728-story.html [https://perma.cc/B56L-GBFM]; Andrew Freedman, Heat Records Fall
in the Arctic as Fires Erupt in Sweden and Siberia, AXIOS (Jul. 19, 2018),
https://www.axios.com/heat-wave-records-wildfires-sweden-norway-siberia-b351dce3-b3ef-
4lee-b94e-€7833bd224e2.html [perma.cc/KQP2-2VIK].

6.  See Daniel Levitt et al., Deadly Weather: The Human Cost of 2018’s Climate Disasters—
Visual ~Guide, THE GUARDIAN (Dec. 21, 2018), https://www.theguardian.com/
environment/ng-interactive/2018/dec/21/deadly-weather-the-human-cost-of-2018s-climate-
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climate change detection and attribution science—the branch of
science which seeks to isolate the effect of human influence on the
climate and related earth systems—have continued to clarify the
extent to which anthropogenic climate change causes both slow
onset changes and extreme events.

The spike in deaths and costs associated with extreme events and
the prospect for slow onset changes with irreversible impacts has
inspired a marked increase in the number of lawsuits seeking to
hold different actors—particularly governments and fossil fuel
companies—accountable for their contribution to or failure to take
action on climate change. For example, state and local
governments across the United States have filed over a dozen
lawsuits against major oil and gas producers, alleging that they
knowingly contributed to climate change by extracting and selling
fossil fuels, obscuring the science of climate change, and fighting
policies aimed at mitigating climate change." In Germany, a
Peruvian farmer has brought a lawsuit against RWE, the German
utility, seeking compensation for damages associated with a melting
glacier the farmer alleges are in part attributable to the defendant’s
direct GHG emissions.” Lawsuits have also been filed against
various national governments seeking to compel regulations aimed
at curtailing the production and use of fossil fuels and otherwise
reducing national GHG emissions.”” These are among the first, not
the last, of these types of cases.

Attribution science is central to the recent climate litigation, as it
informs discussions of responsibility for climate change. Indeed,
detection and attribution science has long been central to climate
litigation, from the lawsuit filed in 1986 by New York City and Los

disasters-visual-guide [https://perma.cc/LCE7-JCYF]; Jason Samenow, Red-hot Planet: All-time
heat Records Have Been Set All Over the World During the Past Week, WASH. POST (July 5, 2018),
https://www.washingtonpost.com/news/capital-weather-gang/wp/201 8/07/03/h0t—planet—
all-time-heat-records-have-been-set-all-over-the-world-in-last-week/  [https://perma.cc/JY6A-
DQAU].

7. U. S. GLOBAL CHANGE RESEARCH PROGRAM, CLIMATE SCIENCE SPECIAL REPORT,
FOURTH NATIONAL CLIMATE ASSESSMENT (2017) [hereinafter NCA4]. For a more detailed
definition, see Section II(A), infra.

8.  Michael Burger & Jessica Wentz, Holding Fossil Fuel Companies Accountable for their
Contribution to Climate Change: Where Does the Law Stand?, 74 BULL. OF THE ATOMIC SCIENTISTS
397 (2018).

9. Lliuya v. RWE AG, VG Essen 15.12.2016 (2 O 285/15) (Germany).

10. MICHAEL BURGER &JUSTIN GUNDLACH, U.N. ENV'T PROGRAMME, THE STATUS OF
CLIMATE CHANGE LITIGATION 10-26 (2017).
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Angeles challenging the National Highway Transportation Safety
Administration’s decision not to prepare an environmental impact
statement for the model year 1989 Corporate Average Fuel
Economy standard, despite the standard’s potential global warming
impacts,” through the lawsuit filed in January 2019 by traditional
cultural leaders from the Ksanka Band of the Ktunaxa Nation and
various conservation groups challenging the U.S. Fish and Wildlife
Service’s decision to approve a silver and copper mine project in
Montana without considering new data concerning the threats
climate change poses to threatened grizzly bear and bull trout
populations.”  Climate science also plays a central role in
policymaking and planning, particularly where decisions need to
be made about how to allocate the costs of mitigating and adapting
to climate change. Recently, researchers have been developing
methodologies to link harmful impacts that were caused or
exacerbated by climate change to specific emitters, with an eye
towards holding emitters and other responsible parties accountable
in court for their contribution to the harms.” As the science
evolves, so too will its role in the courtroom and in policymaking.
This Article offers a comprehensive, of-the-moment survey of the
roles attribution science plays in climate change law and litigation.
Our purpose is to provide legal researchers and climate scientists
alike with a roadmap and a rundown of the dynamic interactions
between attribution science and climate change law, and to
indicate some of the ways the fields might influence one another.
Part II reviews the current state of attribution science with respect
to both slow- and sudden-onset events. Part III describes the role
that attribution science has played in recent litigation as well as
policy-making and planning activities, focusing primarily on
examples from the United States but also drawing on international
examples. Part IV discusses future directions in the law and science
of climate change attribution, addressing questions such as how
attribution science can better support policy-making, planning and
litigation; and how plaintiffs and courts can engage with attribution

11. City of L.A. v. Nat'l Highway Transp. Safety Admin., 912 F.2d 478 (D.C. Cir. 1990).

12.  Complaint for Declaratory and Injunctive Relief, Ksanka KUPAQA XA’EZIN v. U.S.
Fish and Wildlife Serv., No. 9:19-cv-00020-DWM (D. Mont. Jan. 25, 2019).

13.  See, e.g., CLIMATE ACCOUNTABILITY INST., THE CARBON MAJORS DATABASE: CDP
CARBON MAJORS REPORT 2017 (July 2017); B. Ekwurzel et al., The Rise in Atmospheric CO,,
Surface Temperature, and Sea Level from Emissions Traced to Major Carbon Producers, 144 CLIMATIC
CHANGE 579 (2017).
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science to help resolve questions of liability and responsibility for
climate change.

II. SCIENTIFIC UNDERPINNINGS

Since the onset of the Industrial Revolution more than two
centuries ago, human activities—especially fossil fuel combustion,
land use change, and industrial production—have dramatically
impacted earth’s climate. As a result of human activities,
concentrations of radiatively important agents such as GHGs and
aerosols have increased significantly. Carbon dioxide (CO,)
concentrations, for example, have increased by more than 40
percent to levels not seen in at least 3 million years." These
changes in atmospheric chemistry have triggered widespread
warming and other impacts. Global surface air temperature has
increased by approximately 1.8° F since 1900, and ocean heat
content has increased by approximately 33.5 + 7.0 x 10* joules.” As
the planet has warmed, Arctic sea ice volume in late summer has
decreased by more than 50 percent, mass loss from land-based ice
sheets has accelerated, and sea levels have risen by approximately 8
inches since 19001 foot."” Warming is also leading to phenological
changes, such as longer growing seasons, and impacting all human
and natural systems.” The frequency, intensity and duration of
many types of extreme events are changing dramatically as well.
For example, record breaking high temperatures are now far more
common than record breaking low temperatures, high water levels
on coastlines are increasing dramatically, and the frequency of
hydrometeorological extremes—both droughts and floods—is also
increasing in many regions."

As climate change has become more and more manifest, our
understanding of the climate system has advanced dramatically.

14. WMO Greenhouse Gas Bulletin, No. 13 (Oct. 30, 2017).

15. NCA4 (2017), supra note 7, at 11, 82, 365. As a point of reference, the increase in
ocean heat content is approximately 580 times larger than world total primary energy supply
(TPES). SeeINT’L ENERGY AGENCY [IEA], KEY WORLD ENERGY STATISTICS (2018) (finding that
world TPES in 2016 was 13,761 Mtoe, which is equivalent to 5.76 x 10” joules).

16. SeeNCA4 (2017), supranote 7.

17. INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE [IPCC], SPECIAL REPORT: GLOBAL
WARMING OF 1.5°C (Valerie Masson-Delmotte et al. eds., 2018).

18.  IPCC, WORKING GROUP II CONTRIBUTION TO THE FIFTH ASSESSMENT REPORT OF THE
IPCC, CLIMATE CHANGE 2014: IMPACTS, ADAPTATION, AND VULNERABILITY 982 (Fields et al
eds., 2014) [hereinafter IPCC AR5 WGII].
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Multiple lines of evidence, including increasingly robust
observational data sets, paleoclimate data, process-models of
increasing complexity, and physical understandings all point to the
central role of human activity in the climate changes described
above. For example, it has become clear that the spatial pattern of
observed warming generally matches our theoretical understanding
and model projections; specifically, high latitude regions are
warming faster than the tropics, and the lower stratosphere is
cooling.” The spatial pattern, or fingerprint, of the warming is
thus consistent with increases in GHG concentrations, not
alternative explanations such as volcanoes, incoming solar
radiation, or internal climate variability. Our ability to link
anthropogenically-induced global warming to local impacts has also
improved dramatically. The leading scientific body for climate
assessment, the Intergovernmental Panel on Climate Change
(IPCC), periodically publishes a synthesis of existing research on
climate change detection and attribution. In its most recent
assessment, the IPCC concluded that “there is new or stronger
evidence for substantial and wide-ranging impacts of climate
change” across all climate zones and continents.” Similarly, the
Fourth National Climate Assessment (NCA4) prepared by the U.S.
Global Change Research Program (USGCRP) states that
“[e]vidence for a changing climate abounds, from the top of the
atmosphere to the depths of the oceans.”

Overall, the existing body of detection and attribution research is
now quite large and the findings are sufficiently robust to support a
wide variety of applications, including many of the policy, planning,
and legal functions outlined in Section III. But there are also
constraints to this research, such as data gaps and uncertainty
about model projections, which make it difficult to identify a clear
causal chain between a particular emitter or activity and specific
impacts or harms associated with climate change.

Below, we summarize the current state-of-the-art in climate
change detection and attribution science. We begin by defining
core concepts and explaining the basic data sources and analytical
techniques used in this research. Next, we discuss the status of

19. Gabriele Hegerl, Francis Zwiers & Claudia Tebaldi, Patterns of Change: Whose
Fingerprint Is Seen in Global Warming?, 6 ENVTL. RES. LETTERS 4 (2011).

20. IPCC AR5 WGII at 982.

21. NCA4 (2017), supranote 7, at 36.
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research with respect to different attribution questions and
different types of observed impacts. For each attribution category,
we discuss the areas where findings are relatively robust and then
identify key challenges and takeaways for the utilization of this
research in climate change law and litigation.

A. Core Concepts and Terminology

Generally speaking, detection and attribution is a two-step
process used to identify a causal relationship between one or more
drivers and a responding system. The first step—detection of
change—involves demonstrating that a particular variable has
changed in a statistically significant way without assigning cause.”
This is typically accomplished using observational data and
historical records. The second step—attribution—involves sifting
through a range of possible causative factors to determine the role
of one or more drivers with respect to the detected change. This is
typically accomplished by using physical understanding, as well as
models or statistical analysis, to compare how the variable responds
when certain drivers are changed or eliminated entirely.

1. Scope of Detection and Attribution Research

Detection and attribution with regards to climate change can be
broadly defined to encompass a range of research aimed at linking
human activities to observed changes in the climate system and
corresponding impacts on natural and earth systems. This area of
research can be broken down into several interrelated parts or
research streams:

Linking climate change to anthropogenic drivers: How are

human activities affecting the global climate system?

Linking impacts to climate change: How do changes in the

global climate system affect other interconnected natural and

human systems?

Identifying the relative contribution of various emission

sources and land use changes: To what extent have different

sectors, activities, and entities contributed to anthropogenic
climate change?

22. David R. Easterling et al., Detection and Attribution of Climate Extremes in the Observed
Record, 11 WEATHER CLIMATE EXTREMES 17 (2016); Gabriele C. Hegerl et al., Good Practice
Guidance Paper on Detection and Attribution Related to Climate Change, in MEETING REP. OF THE
INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE EXPERT MEETING ON DETECTION AND
ATTRIBUTION OF ANTHROPOGENIC CLIMATE CHANGE 2 (Thomas Stocker et al. eds., 2010).
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For the purposes of brevity, we refer to these three areas of
research as climate change attribution, impact attribution, and source
attribution, recognizing that these terms may be defined differently
in other papers. This approach is roughly consistent with that
taken by the IPCC in past assessments, specifically the division
between Working Group I (WGI), which synthesizes research on
the physical science basis for anthropogenic climate change, and
Working Group II (WGII), which synthesizes research on the
observed and predicted impacts of climate change. However, there
is no IPCC analog for “source attribution” as that term is defined in
this paper,23 and this third research stream is commonly viewed as a
field distinct from the “detection and attribution” research covered
in the IPCC reports. Nonetheless, source attribution deals with a
fundamental attribution question relevant to some of the law and
policy issues described in Section III and therefore warrants
discussion in this paper.

We also discuss extreme event attribution as a separate category of
attribution research. This is because extreme events do not fit
neatly into the “climate change attribution” or “impact attribution”
categories. Weather is part of the climate system, but extreme
events are often discussed as “impacts” of climate change, and
there are unique challenges associated with efforts to ascertain the
effect of climate change on a particular extreme event. (These
challenges bear similarities to the challenges associated with impact
attribution).”

The line between “changes in the climate system” and “the
impacts of climate change” is not always clear. The IPCC defines
the global climate system as “the highly complex system consisting of
five major components: the atmosphere, the hydrosphere, the
cryosphere, the lithosphere, and the biosphere, and the

interactions between them.” This broad definition is necessary to

23.  The IPCC does compile some of this data in the WGI report but there is no
systematic effort to synthesize research on the relative contributions of different actors or
activities to climate change. There is also a third IPCC Working Group (WGIII) that assesses
literature on the scientific, technological, environmental, and social aspects of mitigation of
climate change.

24. E.g., extreme weather events are discussed in the IPCC WGI report as a source of
evidence for climate change attribution, but also in the IPCC WGII report as an example of
how climate change will affect human and natural systems.

25.  IPCC, WORKING GROUP I CONTRIBUTION TO THE FIFTH ASSESSMENT REPORT OF THE
IPCC, CLIMATE CHANGE 2013: THE PHYSICAL SCIENCE BASIS 1451 (Stocker et al. eds., 2013)
[hereinafter IPCC AR5 WGI].
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capture the highly interconnected nature of these components:
changes in ocean heat content (hydrosphere), sea ice
(cryosphere), carbon sequestration (biosphere), and volcanic
eruptions (lithosphere) can all affect the atmosphere and vice
versa. The variables studied in this research are often referred to as
essential climate variables.”

The IPCC defines impacts or effects to include physical impacts such
as floods, droughts, and local sea level rise, as well as any other
“effects on lives, livelihoods, health, ecosystems, economies,
societies, cultures, services, and infrastructure due to the
interaction of climate changes or hazardous climate events
occurring within a specific time period.” In many cases, a change
in an essential climate variable (e.g., sea level rise) could be viewed
as a “physical impact” of climate change. For the purposes of this
paper, we classify studies on regional changes in essential climate
variables as “climate change attribution” where the primary goal of
the study is to better understand how humans are affecting the
global climate system, and we classify studies on floods, droughts,
and local sea level rise as “impact attribution” where the primary
goal of the study is to better understand how climate change is
affecting a particular region or locale.

It is also important to note that the IPCC uses a different
definition of “attribution” when discussing research on climate
change attribution (WGI) and impact attribution (WGII): whereas
“attribution in WGI quantifies the links between observed climate
change and human activity, as well as other external climate
drivers,” attribution in WGII “generally links responses of natural
and human systems to observed climate change, regardless of its
cause.”™  This reflects standard practice in impact attribution
studies, wherein scientists focus exclusively on the relationship
between global climate change and observed impacts without
seeking to identify the relative contribution of human activity as
compared with other external climate drivers.

These different streams of attribution science have begun to
converge in recent years. There have been further advances in

26.  The Global Observing System for Climate Essential Climate Variables Data Access Matrix,
NOAA NAT’L CENTERS FOR ENVTL. INFO,
https://www.ncdc.noaa.gov/gosic/gcos-essential-climate-variable-ecv-data-access-matrix
[https://perma.cc/4ZSH-CMGX] (last visited Dec. 19, 2019).

27. IPCC AR5 WGII, Summary for Policy Makers, supra note 20, at 5.

28. Id. at 4.
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attribution of climate change to anthropogenic activity, as well as
burgeoning studies that go beyond the analysis of essential climate
variables to examine adverse effects on human systems and public
health.” Simultaneously, other researchers have been compiling
data and developing techniques to identify the relative
contribution of different sectors, activities, and entities to changes
in atmospheric GHG concentrations.” Building on all three
research streams, there is now a body of research which aims to link
specific entities and/or activities to specific climate change
impacts.” Below, we bring the streams together, contextualizing
them within a broader climate science and risk management
context.

2. Data Sources and Analytical Techniques

a. Climate Change, Extreme Event, and Impact Attribution

There are several key sources of information and analytical
techniques which are used in the climate change, impact, and
extreme event attribution studies. These include: physical
understanding, observational data, statistical analysis, and models.”

Physical understanding refers to scientific understanding of
physical properties and processes. A good example would be the
heat trapping effects of GHGs, which can be tested using laboratory
and modeling experiments. Physical understanding serves as the
basis for developing experiments to evaluate potential interactions
across variables in the climate system and related human and
natural systems.

Observational data is data which can be observed and measured.
Examples include in situ measurements of CO, concentrations,
surface temperatures, and sea levels; satellite measurements of sea

29. Below, we use the phrase “attribution of harm” to describe studies seeking to link
specific harmful impacts on public health and human systems to anthropogenic climate
change. This is discussed as a subset of “impact attribution.”

30.  See, e.g., B. Ekwurzel et al., supra note 13, at 579.

31. See, e.g., Richard Heede, Tracing Anthropogenic Carbon Dioxide and Methane Emissions
Jfrom Fossil Fuel and Cement Producers, 1854-2010, 122 CLIMATIC CHANGE 229 (2014).

32.  See, e.g., Sophie Marjanac & Lindene Patton, Extreme Weather Event Attribution Science
and Climate Change Litigation: An Essential Step in the Causal Chain?, 36 J. ENERGY & NAT. RES.
L. 265, 271-72 (2018) (noting that the “3 pillars of attribution science” are “(i) the quality of
the observational record; (ii) the ability of models to simulate the event; and (iii) our
understanding of the physical processes that drive the event and how they are affected by
climate change.”).
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surface temperature, water vapor, precipitation, and sea ice; and
aircraft measurements of cyclone wind speed. Observational data is
primarily used in conjunction with statistical analysis to detect
changes in the climate system, including changes in the frequency
and severity of extreme events, and corresponding changes in
natural and human systems—specifically, by comparing historical
observational data sets with contemporary observations of a
particular variable and determining whether there has been a
statistically significant change in that variable. A statistically
significant change would be detected in observations if the
likelihood of occurrence by chance alone is determined to be small
(e.g., less than 10%).”

Statistical analysis refers to mathematical formulas, models, and
techniques that are used in empirical analysis of data. Statistical
analysis is used in both the detection and attribution of climate
change. For attribution, statistical analysis is used to quantify the
probability of an observed change occurring with and without
anthropogenic forcing on the climate. For example, scientists use
linear regression methods” and variants such as “optimal
fingerprinting” to determine whether a change in a climate
variable is statistically significant or simply part of natural
variability.” This analysis is part of the detection of climate change
and corresponding impacts, but it can also be used to support
attribution statements (e.g., a finding that the spatial pattern of
warming in the atmosphere was likely caused by anthropogenic
emissions because it is statistically unlikely that the spatial pattern
would have occurred in the absence of anthropogenic forcing on
the climate). This is sometimes referred to as “observation-based”
attribution.”

In practice, there are very few studies that focus exclusively on
observation-based statistical analysis for attribution due to short
observation records and complex forcing changes over the

33. IPCC, CLIMATE CHANGE 2014: SYNTHESIS REPORT 121-22 (Rajendra K. Pachauri &
Leo Meyer eds., 2014) [hereinafter IPCC AR5 SYR].

34. Linear regression is a statistical method used to summarize and study relationships
between two continuous (quantitative) variables.

35. K. Hasselmann, Optimal Fingerprints for the Detection of Time-Dependent Climate Change, 6
J. CLIMATE 1957, 1957 (1993).

36. NAT’L ACAD. OF SCI., ENG’G, AND MED., ATTRIBUTION OF EXTREME WEATHER EVENTS
IN THE CONTEXT OF CLIMATE CHANGE 51 (2016).
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historical period.” Model approaches (below) are typically used
because: (i) models allow scientists to separate out the effects of
different forcings on the observed variable, and (ii) the observed
record for many variables is too short to support reliable
conclusions, especially given the large variability in the systems
being analyzed. That said, observation-based attribution findings
can serve as a useful supplement to model-based findings.™

Models use quantitative methods, including predictive equations
and statistical techniques, to simulate interactions within the
climate system. Scientists can thus set up different model
experiments to evaluate the effect of one or more climate drivers
(like greenhouse gases, aerosols, and solar flux) on one or more
variables. For the purposes of attribution, experiments with
climate models generally involve at least two sets of simulations,
differing only in that one is meant to reflect the world that is, and
the other is meant to reflect a “counterfactual” world without
anthropogenic climate change (or without some component of
anthropogenic climate change). These model simulations are
typically run multiple times and for long duration, allowing
scientists to better understand the most likely outcomes, as well as a
fuller range of potential outcomes. Observational data and physical
understanding provide the basis for calibrating and verifying
models.

Several modeling centers have now developed standardized
climate simulations designed for detection and attribution
specifically, based on different parameters (e.g., researchers can
evaluate the probability of an event or impact occurring both with
and without certain observed changes in the climate, such as
changes in sea surface temperature). Due to advances in parallel
computing and model simplifications, these can be run rapidly and
at high spatial resolution, yielding quick results. Indeed, when the
above packages are combined with forecasts of variables with high
predictability, such as sea surface temperature, results can be made
available in advance of actual events. Furthermore, the tools and
outputs, and models themselves, are increasingly being made
publicly available. This has furthered the proliferation of

37. Id.

38. Andrew D. King et al., Attribution of the Record High Central England Temperature of 2014
to Anthropogenic Influences, 10 ENVTL. RES. LETTERS, May 1, 2015, at 1; Gabriele C. Hegerl, Use
of Models and Observations in Event Attribution, 10 ENVTL. RES. LETTERS July 2, 2015, at 1.
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attribution research in recent years, as well as an enormous amount
of media coverage and public interest in the topic.”

Model-based approaches can support more robust attribution
statements than the use of observational data and statistical analysis
alone. However, models have limitations that should be kept in
mind when considering their use in attribution studies. The
usefulness of a model for attribution depends on how well the
model can reproduce patterns associated with each climate forcing.
However, there are uncertainties in our knowledge about how
individual climate forcings affect the climate system. While
comparing models to observations helps assess model skill,
observations cannot tell us all we need to know, for three reasons.
First, there is some uncertainty in observational measurements.
Second, internal climate variability, unrelated to climate forcing, is
difficult to disentangle from climate forcing. Third, because
multiple anthropogenic and natural forcings have occurred
simultaneously in the past, unpacking the relative contribution of
each forcing is nontrivial.

The above challenges exist to a certain degree even for variables
like global average temperature where the relationship between
rising GHG concentrations and average temperatures is fairly
direct. Inevitably, there will be some degree of uncertainty and
room for error in model results due to the complexity of the
physical systems being modeled.” But this does not mean that
model results are unsound. To the contrary, uncertainty is
prevalent across many scientific disciplines, including disciplines
that are frequently relied upon in policy, planning, and litigation,"
and scientists have tools for managing and communicating
uncertainty.  The IPCC, for example, uses (i) probabilistic
language to describe the assessed likelihood of an outcome or
result (very likely, likely, etc.);” (ii) terms to describe the availability
of evidence to support particular findings (limited, medium,

39. See, e.g., Jane C. Hu. The Decade of Attribution Science, SLATE (Dec. 19, 2019).

40. E.g., models may underestimate variability, which can lead to overestimation of the
effect of human influence on extreme events, and models may under-sample the range of
plausible outcomes.

41. E.g., epidemiology and forensic science.

42. The IPCC defines these probabilistic terms as follows: virtually certain 99-100%
probability, very likely 90-100%, likely 66-100%, about as likely as not 33-66%, unlikely 0-
33%, very unlikely 0-10%, exceptionally unlikely 0-1%. In some instances, the IPCC also
uses the following terms: extremely likely 95-100%, more likely than not > 50-100%, and
extremely unlikely 0-5%. IPCC AR5 WGI, supra note 25, at 4.
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robust); (iii) terms to describe the level of agreement about
findings (low, medium, or high); and (iv) language describing its
confidence in the findings (very low, low, medium, high, very
high).” In individual attribution studies, uncertainty is typically
managed and communicated using similar statements about
confidence levels and intervals. For example, a study may conclude
with 90% confidence that climate change made an extreme event
at least twice as likely to occur.”” Scientists are also constantly
refining the techniques used to reduce uncertainty in their
analyses, such as through additional and lengthened observational
datasets, improvements to models, new analytical methods, and
expert judgment.

The most robust attribution approaches combine good
observations, physical understanding, rigorous statistical analysis,
and detailed models to generate findings, along with clear
communication and transparency with respect to research
parameters, assumptions made, confidence in findings, and
potential areas of uncertainty or bias. Studies that combine sound
science with clear communication can generate findings that are
sufficiently robust to support a wide variety of applications, but the
confidence in and precision of those findings depends on the
nature of the change, event, or impact being studied.

b. Special Considerations for Extreme Event and Impact
Attribution

Attribution becomes increasingly complex and challenging as the
focus of research moves away from long-term, broad-scale changes
in the climate system and towards more localized, discrete extreme
events and climate impacts. One key challenge is conducting the
analysis at the appropriate spatial and temporal scale. Whereas
climate change attribution as defined in Part II(A)(2)(a) above
deals with change at a global or regional scale, typically over a long
period of time, extreme event and impact attribution deal with
more geographically and temporally distinct forms of change (e.g.,
how much has sea level risen in a particular city in the past twenty
years). Natural variability, unrelated to changes in climate forcing,
is larger at fine spatial and temporal scales, making it harder to

43. Id.
44. 1In this statement, the confidence level is 90% and the confidence interval starts at
“twice as likely” and has no defined upper bound.
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identify signals associated with anthropogenic or other forcings.
Some climate forcings, such as aerosols, also differ both in
concentration and forcing strength at subregional and subannual
scales. Additionally, when models are used to assess extreme events
that occur at finer spatial and temporal scales than the models
themselves, some type of downscaling or bias correction is needed,
which can introduce additional uncertainties.

Impact attribution studies must also account for mnon-climate
variables—that is, characteristics of human and natural systems that
are not part of the climate system. There are sometimes referred to
as exogenous variables (i.e., phenomena that are not part of the
climate system).” Consider a study examining the relationship
between climate change, a heat wave, and public health impacts:
the study would need to account for both climate variables (e.g.,
temperature and humidity) as well as non-climate variables (e.g.,
population risk factors for heatrelated morbidity, access to air-
conditioned facilities and emergency services) to ascertain the
extent to which climate change caused or contributed to observed
health outcomes.  Confounding variables, which influence both
dependent and independent variables in a study, are of special
concern as they can lead to spurious associations between a driver
and an event or impact.” The number of exogenous and
confounding variables increases as attribution research moves
towards an analysis of discrete impacts on humans, communities,
and ecosystems.

Due to the difficulty of managing many exogenous variables,
most attribution studies focus on just one “link” in the causal chain
of anthropogenic climate change. This is often referred to as single-
step attribution. Examples of single-step attribution include research
linking increases in global average temperatures to changes in the
atmospheric concentration of GHGs, and research linking
increases in local sea level rise to increases in global average
temperature. This focus on single-step attribution is apparent in
IPCC WGII's approach to impact attribution (which, as noted

45. This may be somewhat of an oversimplification, as many variables which may appear
to be “outside” of the climate system are still, to some extent, interdependent with that
system.

46. In an impact or event attribution study, the dependent variable would be the impact
or event under examination, and the independent variable would be the climate change-
related driver of the impact or event (e.g., increases in GHG concentrations or, in some
studies, increases in climate variables such as mean temperature).
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above, examines how observed climate change is affecting natural
and human systems, regardless of its cause).”

There is also a growing body of multi-step attribution studies. Such
studies combine the two inquiries described above: scientists will
first seek to identify how one or more core climate variables has
changed in response to human activities, and then explore the
implications of that change with respect to one or more specific
impacts.” Multistep attribution is useful for examining causal
relationships in complex systems, but one potential drawback of
this approach is that additional, “cascading” uncertainty and
potential for error is introduced with each new “step” that is added
to the analysis.

c. Source Attribution

Above, we note that source attribution is a distinct field of
research that employs different methods and is subject to different
constraints. There is some overlap in terms of the data collection
and analytical techniques used for source attribution: scientists will
use observational data to identify sources of GHGs, as well as
physical understanding, statistical analysis, and models to ascertain
the relative contribution of GHGs from a particular source or
source category to anthropogenic climate change. But source
attribution studies also rely on different types of evidence,
particularly documentary evidence of GHG emissions and carbon
sequestration impacts.”

Documentary evidence refers to information contained in
documents and reports. For the purposes of source attribution, key
sources of documentary evidence include national GHG emissions
inventories, corporate GHG disclosures, securities disclosures, and
other reports prepared by governments and private actors detailing
GHG emissions or carbon sequestration impacts from a particular
activity or source. Because such reports are prepared by humans,
sometimes pursuant to a political or social agenda, they may

47. TPCC AR5 WGII, supra note 20, at 4 n.5.

48. IPCC AR5 WGI, supra note 25, at 867-952; Gabriele Hegerl et al., Good Practice
Guidance Paper on Detection and Attribution Related to Anthropogenic Climate Change, in MEETING
REPORT OF THE INTERGOVERNMENTAL PANEL ON CLIMATE CHANGE EXPERT MEETING ON
DETECTION AND ATTRIBUTION OF ANTHROPOGENIC CLIMATE CHANGE 3 (Thomas F. Stocker et
al. eds., 2010).

49. For a more detailed discussion of the methods and techniques used in source
attribution, see infra Part II(B) (4).
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contain biases or errors of a different type than those found in raw
data.

Source attribution also involves questions that cut across different
social and scientific disciplines. Certainly, there is a physical
science component to source attribution, as the ultimate goal is to
ascertain the physical contribution of the source to anthropogenic
climate change. But there are also social and normative questions
that come into play when attributing emissions (or sequestration)
to a particular source, particularly when trying to assign
“responsibility” for emissions. Consider the many different ways
that emissions can be “divvied up” across different lines—by stage
of economic development, global region, country, sector, company,
consumer, etc. Even within these categories, there are different
ways of assigning emissions responsibility. For example, when
assessing national responsibility for climate change, some have
argued that we should not only look at emissions which are directly
generated within the country (“territorial emissions”) but also
consider emissions embodied in products consumed within the
country (“consumption-based emissions”).” Similarly, when
assessing corporate responsibility for climate change, there are
important questions about the relative responsibility of upstream
entities (e.g., fossil fuel producers) and downstream entities (e.g.,
manufacturers of carbon-intensive products and consumers of fossil
fuels) in addition to the entities that directly generate emissions.

Granted, it is entirely possible to avoid such normative questions
when publishing information about source attribution.  For
example, a study could simply provide a breakdown of emissions
across different countries (perhaps both CO, exporters and CO,
importers), sectors, etc., without reaching any conclusions about
the responsibility of different actors or source categories. But in
practice, when attribution science is related to law and policy, the
question of responsibility is of paramount importance.

50.  See, eg., C40 CITIES CLIMATE LEADERSHIP GROUP, CONSUMPTION-BASED GHG
EMISSIONS OF C40 CITIES (2018), https://www.c40.org/researches/consumption-based-
emissions [https://perma.cc/9XVC-MCRX]; Zeke Hausfather, Mapped: The World’s Largest
CO2  Importers and  Exporters;, CARBON  BRIEF  (May 7, 2017, 11:52 AM),
https://www.carbonbrief.org/mapped-worlds-largest-co2-importers-exporters
[https://perma.cc/3K2V-EFNE]; DANIEL MORAN ET AL., THE CARBON LOOPHOLE IN CLIMATE
PoLicy: QUANTIFYING THE EMBODIED CARBON IN TRADED PRrRODUCTS (2018),
https://buyclean.org/media/2016/12/The-Carbon-Loophole-in-Climate-Policy-Final.pdf
[https://perma.cc/FS95-N9W4].
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B. Survey of Research to Date

1. Climate Change Detection and Attribution

Climate change detection and attribution research examines the
effect of human activities on the global climate system, which is
broadly defined to include the atmosphere, hydrosphere,
cryosphere, lithosphere, biosphere, and the interactions between
these components. The primary research question is: how do
human-induced changes in the chemical composition of the
atmosphere affect other essential climate variables such as
temperature, precipitation, sea level, and sea ice? To answer this
question, researchers must demonstrate that a detected change is
“consistent with the estimated responses to the given combination
of anthropogenic and natural forcing” and “not consistent with
alternative, physically plausible explanations of recent climate
change that exclude important elements of the given combinations
of forcings.”"

The existing body of research leaves little room for doubt that
the global climate system is changing and human activities are at
least partially responsible for that change; thus, there is no real
question as to whether anthropogenic climate change is occurring.
Scientists have also made considerable progress towards
quantifying the effect of human activities on different components
of the climate system. However, there is still some amount of
uncertainty about the magnitude of the observed changes in the
climate system that are due to different climate forcings—such as
GHGs, aerosols, and solar radiation.” In this section, we

51. IPCC, WORKING GROUP I CONTRIBUTION TO THE THIRD ASSESSMENT REPORT OF THE
IPCC, CLIMATE CHANGE 2001: THE SCIENCE OF CLIMATE CHANGE 56 (John T. Houghton et al
eds., 2001). While in one sense attribution is easy to define, complex philosophical
questions lurk in the background, including the question of how one defines causation.
Deterministic causation is a simple binary framing (“A caused B”) whereas probabilistic
causation has a lower threshold of “A made B more likely than in otherwise would have
been.” Mike Hulme, Attributing Weather Extremes to ‘Climate Change’: A Review, 38 PROGRESS IN
PHYSICAL GEOGRAPHY 499, 500 (2014). Even within the sub-branch of probabilistic
causation, emphasized here, it should be noted that the way a problem is framed can
influence the findings. See for example, the description of necessary vs. sufficient causality
in Alexis Hannart et al., Causal Counterfactual Theory for the Attribution of Weather and Climate-
Related Events, 97 BULL. AM. METEOROLOGICAL SOC’Y 99, 103-04 (2016).

52. These uncertainties primarily concern: 1) the magnitude of change in other possible
drivers of climate changes (such as solar radiation changes); 2) the signature of change
expected in the climate system due to human activities and ‘1’ above; and 3) the magnitude
of internal climate variability. TPCC AR5 WGI, supra note 25, at 867-952.
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summarize the state of the terms of observed climate changes and
the attribution of those changes to human activities. We focus here
on mean changes in essential climate variables on a global and
regional scale; changes in extremes and changes in local weather
and climate are discussed in subsequent sections.”

a. Methods and Parameters

Scientists detect changes in the climate system through in situ
measurements, such as the CO, readings from the Mauna Loa
Observatory in Hawaii, and remote sensing from satellites and
other platforms. Some of the key types of data collected through
observations include measurements of GHG emissions and
concentrations, atmospheric and surface temperature, water vapor
(humidity), precipitation, sea ice, and sea levels. Scientists have
also developed techniques to better understand past climatic
conditions—for example, scientists can reconstruct paleoclimate
conditions by studying the patterns in tree rings and gas bubbles
trapped in ice cores.” This information offers important insights,
including: 1) how sensitive different aspects of the climate system
are to different climate forcings at various timescales, and 2) more
robust estimates of natural variability than can be gleaned from the
relatively short observational record.

Once change has been detected, the next step is attribution.
Physical understanding of how the climate system reacts to
different forcings is the foundation of climate change attribution.
Examples of external forcings include GHGs, atmospheric aerosols,
solar radiation, and reflectivity (albedo), all of which influence the
balance of energy in the global climate system. Scientists must also
have physical understanding of natural variability within the global
climate system in order to ascertain whether an observed change in
the system is the result of changes in forcings or natural variability.

Drawing on this physical understanding, scientists have
developed global climate models that reproduce physical processes
in the atmosphere, ocean, cryosphere, and land surface. One of

53.  See infra Part 11(B)(2) (“Extreme Event Attribution”) and Part II(B)(3) (“Impact
Attribution”).

54. For more information on the development of observational techniques and datasets,
see IPCC, WORKING GROUP I CONTRIBUTION TO THE FOURTH ASSESSMENT REPORT OF THE
IPCC, Climate Change 2007: The Physical Science Basis 93-127 (Susan Solomon et al. eds.,
2007).
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the most important modeling initiatives is the Coupled Model
Intercomparison Project (CMIP), which was launched by the World
Climate Research Programme in 1995 to foster collaboration on
and ongoing improvement of climate models and to provide a
standard set of model simulations to facilitate comparison across
models. Leveraging ongoing advances in physical understanding,
observations, and computational power, climate models now
operate at finer and finer spatial scales, include interactions across
more and more components of the climate system, and generate
thousands of years of model output under different forcings and
initial conditions. As models have grown in sophistication, their
utility for climate attribution has grown—models driven by
historical greenhouse gas emissions and natural forcings (e.g.,
volcanoes and solar variability) can now “reproduce observed
continental-scale surface temperature patterns and trends over
many decades, including the more rapid warming since the mid-
20th century and the cooling immediately following large volcanic
eruptions.””

As noted above, there are challenges associated with
“downscaling” from a global to a regional or local focus. These
challenges are most prevalent in extreme event and impact
attribution, but they also appear, to a lesser extent, in climate
change attribution studies. This is because many of the observed
changes in the global climate system vary on a regional basis—both
due to differences in forcings and the higher natural variability at
finer spatial scales.”

b. Status of Research

The observational record shows that significant changes in the
global climate system are occurring. As noted in the IPCC’s Fifth
Assessment Report (ARD):

55. The IPCC issued this statement with very high confidence. IPCC AR5 WGI, Summary
for Policymakers, supra note 25, at 15.

56. Above, we define “climate change attribution” as research aimed at determining
“how human activities are affecting the global climate system.” Thus, this section is
concerned only with studies seeking to understand and attribute regional changes in
essential climate variables in order to better understand changes in the global climate
change. This section does not discuss studies that evaluate how climate and weather has
changed in a region or locale in order to ascertain the effect on that region or locale (e.g.,
how much have sea levels risen in New York City?)—rather, those are discussed in the
extreme event and impact attribution sections.
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Warming of the climate system is unequivocal, and since the 1950s,
many of the observed changes are unprecedented over decades to
millennia. The atmosphere and ocean have warmed, the amounts of
snow and ice have diminished, sea level has risen, and the
concentrations  of  greenhouse  gases  have increased.”

AR5 contained similarly conclusive findings about climate
change attribution, particularly with respect to the link between
human influence on climate and global warming:

Human influence on the climate system is clear. This is evident from
the increasing greenhouse gas concentrations in the atmosphere,
positive radiative forcing, observed warming, and understanding of
the climate system.”

The report also found strong evidence that human activity had
contributed to changes in other essential climate variables, such as
sea level rise and the loss of sea ice, with different levels of
confidence for different variables.”

Since AR5 was published in 2014, the observational record of
changes in the global climate system has become even more robust,
and the rate of observed change has accelerated for many essential
climate variables. The body of research attributing these changes
to anthropogenic influence on climate change has likewise become
more robust, with more recent attribution studies further
reinforcing some of the key messages from AR5. Below, we
summarize the latest findings in terms of observed changes and
attribution to human activity.”

i. Chemical Composition of Global Climate System

ARb5 found, with wvery high confidence, that atmospheric
concentrations of CO,, methane (CH,), and nitrous oxide (N,O)

57. TPCC AR5 WGI, Summary for Policymakers, supra note 25, at 4.

58. Id.at 15.

59. Id.

60. There have been additional advances in the detection and attribution of long-term,
time averaged climate variables that do not fit neatly into the five directly societally-relevant
categories described here. Examples include fingerprinting of sea level pressure, Nathan P.
Gillett, Francis W. Zwiers, Andrew J. Weaver & Peter A. Stott, Detection of Human Influence on
Sea-level Pressure, 422 NATURE 292, 292-94 (2003), and water vapor, Benjamin D. Santer et al.,
Incorporating Model Quality Information in Climate Change Detection and Attribution Studies, 106
PROC. OF THE NAT’L. ACAD. OF SCI. 14778, 14778-83 (2009).
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are higher than they have been in 800,000 years, and that the rate
of change in GHG concentrations over the past century is
unprecedented in the past 22,000 years.” This was based on
observations from 2011 (the latest data relied upon in ARbH),
showing that CO, concentrations had increased 40% to 391 parts
per million (ppm), methane (CH,) concentrations had increased
150% to 1803 parts per billion (ppb), and nitrous oxide (N,O)
concentrations had increased 20% to 324 ppb, as compared with
pre-industrial levels.” This trend has continued since AR5 was
published, with the latest in situ measurements putting CO,
concentrations at 410.5 ppm, methane concentrations at 1862.8
ppb, and nitrous oxide concentrations at 332.4 ppb.”

Not all of these GHGs remain in the atmosphere, which is part of
why it is necessary to look at multiple interconnected systems when
detecting and attributing global climate change. ARb found that
the ocean had absorbed about 30% of the emitted anthropogenic
CO,, approximately 125-185 gigatons of carbon (GtC)." The
uptake of carbon has caused ocean acidification: the pH of the
ocean surface has decreased by 0.1 since the beginning of the
industrial era, which corresponds with a 26% increase in hydrogen
ion concentration (the measure of ocean acidity).” This
acidification is relatively straightforward to attribute to
anthropogenic carbon dioxide emissions specifically.” Terrestrial

61. IPCC AR5 WGI at 385. The IPCC also expressed medium confidence that the rate of
GHG change was unprecedented in the past 800,000 years. These findings were based on
paleoclimate observations from ice cores. Id. At the time AR5 was published, ice core
records only extended back 800,000 years, so it was not possible to reach conclusions about
GHG concentrations before this time. In 2017, scientists extracted a record-breaking 2.7-
million-year-old ice core which indicated that CO, levels were also well below current levels
during that time period. Paul Voosen, 2.7-million-year-old Ice Opens Window on Past, 357
SCIENCE 630 (2017).

62. IPCC AR5 WGI at 678.

63.  Trends in Atmospheric Carbon Dioxide, NOAA NAT’L. CENTERS FOR ENVTL. INFO.,
https://www.esrl.noaa.gov/gmd/ccgg/trends/gl_trend.html [https://perma.cc/JK]J5-5GSV]
(last visited Dec. 5, 2019); Global CH, Monthly Means, NOAA NAT’L CENTERS FOR ENVTL. INFO.,
https://www.esrl.noaa.gov/gmd/ccgg/trends_ch4/ [https://perma.cc/8AE3-RWT]J] (last
visited Dec. 5, 2019); Nitrous Oxide (N20)—Combined Data Set, NOAA NAT'L CENTERS FOR
ENVTL. INFO., https://www.esrl.noaa.gov/gmd/hats/combined/N20.html [https://perma
.cc/K483-DBHR] (last visited Dec. 5, 2019).

64. IPCC AR5 WGI, Summary for Policymakers, supra note 25, at 11-12.

65. Id.at12.

66. Id. Bindoff describes it as ‘very likely.” Id. at 870. In the same report, another ocean
chemistry change, a global decrease in dissolved oxygen especially in near-coastal waters, was

assessed with medium confidence to be attributable “in part to human influences.” Id.
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ecosystems are also absorbing CO,, but there is significant
uncertainty as to the actual quantity sequestered: research
indicates that anywhere from 70-250 GtC have accumulated in
terrestrial systems.” Accounting for these different absorption
pathways is critical in all aspects of climate change detection and
attribution (including extreme event and impact attribution)
because the effect of GHGs is dependent on where those gases are
stored. Uncertainties about historical storage, or sinks, leads to
some uncertainty about the magnitude of total historical effect of
anthropogenic sources on climate change. More importantly, a
changing climate could weaken important sinks. For example, a
warming ocean is able to absorb less CO,, melting permafrost and
hydrates could release ancient CO, and methane to the
atmosphere, and changes in vegetation could increase or decrease
the terrestrial carbon sink.

ii. Atmospheric and Surface Temperature

As noted above, AR5 found “unequivocal” evidence that the
climate system is warming, concluding that it was “certain” that
global mean surface temperature (GMST) had increased since the
late 19" century, and “virtually certain” that the global troposphere
had warmed since the mid-20" century.” With regards to
attribution, AR5 noted that observed warming trends were
consistent with physical understanding and models of how rising
atmospheric GHG concentrations would affect the climate system,
and that the trends could not be explained by other forcings or
natural variability alone.” AR5 quantified the potential
contribution of human influence as follows:

67. Id. at12.

68. Id. at 4, 161-62. At that time, the observational record showed that: (i) each of the
last three decades had been successively warmer, in terms of global surface temperatures,
than any preceding decade since 1850, and the first decade of the 21st century was the
warmest on record; and (ii) globally averaged combined land and ocean surface temperature
had increased by 0.85 [0.65-1.06]°C from 1880 through 2012. Id. at 161-62.

69. Id. at 869. For example, in terms of natural variability, Atlantic Multidecadal
Oscillation (AMO) variability can influence trends, but does not explain 1951-2010
warming. In terms of the magnitude of other possible forcings, only solar radiation changes
have been in the direction that would be expected to lead to warming, but the magnitude of
change over the period is too low to have contributed to much of the warming.
Furthermore, the spatial pattern of the observed warming (e.g., lower tropospheric warming
and stratospheric cooling) was also consistent with increases in GHG concentrations, but not
other possible forcings. Id. at 867-952.
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GHGs contributed a global mean surface warming likely to be
between 0.5°C and 1.3°C over the period 1951-2010, with the
contributions from other anthropogenic forcings likely to be between
—0.6°C and 0.1°C, from natural forcings likely to be between -0.1°C
and 0.1°C, and from internal variability likely to be between —0.1°C
and 0.1°C.”"

Based on these estimates, AR5 concluded that “[i]t is extremely
likely that more than half of the observed increase in global average
surface temperature from 1951 to 2010 was caused by the
anthropogenic increase in greenhouse gas concentrations and
other anthropogenic forcings together.””

Since then, the warming trend has continued and a number of
temperature-related records have been broken.” NCA4 found,
with very high confidence, that: (i) global surface air temperature had
increased by 1.8°F (~1°C) between 1901 and 2016, and (ii) “[m]any
lines of evidence demonstrate that it is extremely likely that human
influence has been the dominant cause of the observed warming
since the mid-20" century.”” With regards to this attribution
finding, USGCRP noted that there are “no convincing alternative
explanations” for the observed warming in the past century.
USGCRP further found, with high confidence, that the likely range of
human contribution to global mean temperature increase from
1951-2010 was 1.1° to 1.4°F (0.6° to 0.8°C) and that the likely
contributions from natural forcing and internal variability to
observed warming are minor.” There are a number of other recent
studies which have reinforced and strengthened the evidentiary
basis for human-induced warming. Analyses of global and regional
warmth in 2014, 2015, 2016, and 2017 all found significant
anthropogenic influence on record-breaking annual

70. Id. at 869.

71. Id. at17.

72. Nineteen of the twenty hottest years on record have occurred since 2000 (with 1998
being the other hottest year), and 2016 was the hottest year on record with an average land
and sea temperature that was 0.94°C above the 20th century average of 13.9°C. See NOAA,

Climate Monitoring, https://www.ncdc.noaa.gov/ climate-monitoring/global /globe /
ytd/201911.

73. NCA4, supranote 7, at 13-14.

74. Id.

75. Id.
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temperatures.”  One noteworthy study compared observed
temperatures in 2016 to annual global temperatures calculated in
an ensemble of more than 24,000 years of CMIP5 simulations
serving as a “control” for atmosphere (e.g., simulations in which
greenhouse gases are kept at pre-industrial levels) and found that
the observed 2016 temperatures were roughly 1.3°C higher than
the historical average from 1881-1920, whereas the most extreme
heat event in the control simulations was only 0.5°C above the
historical average.” The scientists concluded that the record-
breaking heat in 2016 could not have occurred in the absence of
anthropogenic forcing on climate.™

iii. Oceans and Sea Level Rise

Just as the atmosphere has warmed, so too have the oceans. Two
key detection findings in AR5 were that: (i) “[o]cean warming
dominates the increase in energy stored in the climate system,
accounting for more than 90% of the energy accumulated between
1971 and 2010 (high confidence) »™ and (i) “[i]t is virtually certain
that the upper ocean (0-700 m) warmed from 1971 to 2010 . . . and
it likely warmed between the 1870s and 1971.”" With regards to
attribution, AR5 found that “[i]t is very likely that anthropogenic
forcings have made a substantial contribution to increases in global
upper ocean heat content (0-700 m) observed since the 1970s.”"

NCA4, which contained more recent measurements of ocean
temperature, found that total ocean heat content has increased by
approximately 33.5 + 7.0 x 10” joules since 1960 and that average
sea surface temperature (SST) has increased by about 1.3°F + 0.1°F
(0.7°C + 0.08°C ) per century from 1900 through 2016.” USGCRP
noted that the effect of anthropogenic forcing on this warming

76.  Explaining Extreme Events of 2017 from a Climate Perspective, 100 BULL. AM.
METROLOGICAL SOC’Y (SPECIAL SUPPLEMENT) S1 (2019) [hereinafter BAMS 20171; Explaining
Extreme FEvents of 2016 from a Climate Perspective, 99 BULL. AM. METROLOGICAL SOC’Y (SPECIAL
SUPPLEMENT) S1 (2018) [hereinafter BAMS 2016]; Explaining Extreme Events of 2015 from a
Climate Perspective, 97 BULL. AM. METROLOGICAL SOC’Y (SPECIAL SUPPLEMENT) S1 (2016)
[hereinafter BAMS 2015]; Explaining Extreme Events of 2014 from a Climate Perspective, 96 BULL.
AM. METROLOGICAL SOC’Y (SPECIAL SUPPLEMENT) S1 (2015) [hereinafter BAMS 2014].

77. BAMS 2016, supra note 76, at S11-14.

78. Id.

79. IPCC AR5 WGI, Summary for Policy Makers, supra note 25, at 8.

80. Id.

81. Id at17.

82. NCA4, supranote 7, at 364-65.
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trend was clear but did not attempt to quantify that effect, possibly
due to uncertainties about the actual magnitude of ocean warming
stemming from a lack of long-term data (particularly with respect
to deep ocean warming).” A recent study on heat content in the
upper 2000 meters of the ocean found ocean warming
approximately 40-50% faster than what was reported in the IPCC
AR5 report.™

The increase in ocean heat content has been accompanied by
observed increases in sea levels (and rates of sea level rise) since
the 1800s. The observational record shows that, between 1901 and
2010, global mean sea level rose by approximately 0.19 meters
(~7.5 inches).” AR5 found with high confidence that the rate of sea
level rise since the mid-19th century has been larger than the mean
rate during the previous two millennia, and that sea level rise has
been accelerating quite substantially during this time period (with
the most rapid rate of rise occurring since 1993).” The primary
drivers of rising sea levels to date are thermal expansion of the
ocean (caused by increases in ocean heat content) and glacier mass
loss. ARD found high confidence in anthropogenic influence on
these two drivers in the past half-century, which supported its
conclusion that “[i]t is very likely that there is a substantial
anthropogenic contribution to the global mean sea level rise since
the 1970s.” NCA4 contained similar findings.™

iv. Cryosphere: Sea Ice, Glaciers, Permafrost, and Snowpack

The observational record has shown a substantial decline in
northern hemisphere sea ice, terrestrial glaciers, and snowpack in
the past century.” But there is considerable geographic variation
in the magnitude and rate of the decline, as not all areas are
warming at the same rate, and there has actually been a small

83. Id.at 366, 367, 381.

84. Lijing Cheng et al., How Fast Are the Oceans Warming?, 363 SCIENCE 128 (2019).

85. IPCC AR5 WGI, Summary for Policy Makers, supra note 25, at 11.

86. Id. For example, AR5 found that it is “very likely that the mean rate of global averaged
sea level rise was 1.7 [1.5 to 1.9] mm yr'l between 1901 and 2010, 2.0 [1.7 to 2.3] mm yr"
between 1971 and 2010, and 3.2 [2.8 to 3.6] mm yr" between 1993 and 2010.” Id.

87. Id.at19.

88. NCA4, supra note 7, at 333 (finding that GMSL had risen by approximately 7-8
inches since 1900, and that human forcings had made a “substantial contribution” (kigh
confidence) to observed sea level rise).

89. IPCC AR4 WGI, supra note 25, at 319-20; NCA4, supra note 7, at 303.
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observed increase in Antarctic sea ice,” which is not fully
understood.” Setting aside that uncertainty, one clear finding of
ARD was that there are “multiple lines of evidence [which] support
very substantial Arctic warming since the mid-20th century.””
There has also been a “considerable reduction in permafrost
thickness and areal extent” in certain northern regions observed
over the period 1975 to 2005.”

AR5 concluded that anthropogenic influences “very likely
contributed to Arctic sea ice loss since 1979...[,] likely
contributed to the retreat of glaciers since the 1960s and the
increased surface mass of the Greenland ice sheet since 1993
[,]... [and] likely [contributed] to observed reductions in
Northern Hemisphere spring snow cover since 1970.”" Similarly,
NCA4 found with high confidence that it is very likely that human
activities have contributed to sea ice loss, glacier mass loss, and
northern hemisphere snow extent decline.” However, AR5 noted
that there is low confidence in our scientific understanding of the
extent to which anthropogenic influences have driven the
aforementioned changes in the Antarctic, and both AR5 and NCA4
noted that there had actually been a small observed increase in
Antarctic sea ice in the early 2000s, which would most likely be
explained by localized natural variability.”

Research shows that these trends have continued and accelerated
since AR5 was published. One recent study found that the

90. At least through approximately the middle of the 2010s, at which point a decline
appears to have commenced. Claire L. Parkinson, A 40-y Record Reveals Gradual Antarctic Sea
Ice Increases Followed by Decreases at Rates Far Exceeding the Rates Seen in the Arctic, 116 PROC.
NAT’L ACAD. OF SCI. 14414, 14414-23 (2019).

91. Proposed explanations for the increase have included freshening of the waters near
Antarctica (thereby facilitating sea ice formation) such as: Richard Bintanja et al., The Effect
of Increased Fresh Water from Antarctic Ice Shelves on Future Trends in Antarctic Sea Ice, 56 ANNALS
OF GLACIOLOGY 120 (2015); decreasing stratospheric ozone (inducing local cooling through
changes in atmospheric circulation); and natural variability, John Turner et al., Non-annular
atmospheric circulation change induced by stratospheric ozone depletion and its role in the recent increase
of Antarctic sea ice extent, 36 GEOPHYSICAL RES. LETTERS 1 (2009).

92. TPCC AR5 WGI, Summary for Policy Makers, supra note 25, at 9.

93. Id.

94. Id.at19.

95. NCA4, supra note 7, at 333. See also Noah Diffenbaugh et al., Quantifying the Influence
of Global Warming on Unprecendented Extreme Climate Events, 114 PROC. NAT'L ACAD. OF SCI 4881
(2017), (finding “extremely high statistical confidence that anthropogenic forcing increased
the probability of record-low Arctic sea ice extent”).

96. IPCC AR5 WGI, Summary for Policy Makers, supra note 25, at 19; NCA4, supra note 7,
at 39, ch. 11.
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Greenland Ice Sheet is melting much faster than previously
believed: the pace of ice melt has accelerated four-fold since 2003,
with Greenland losing approximately 280 billion tons of ice per
year between 2002 and 2016—enough to raise the worldwide sea
level by 0.03 inches annually.”

v. Hydrologic Cycle and Precipitation

Ascertaining the effect of anthropogenic forcings on the
hydrologic cycle and precipitation is one of the most challenging
areas of climate change attribution. Part of the challenge is
detecting change—in some regions spatial gradients of
precipitation are large, while historical rainfall records are
incomplete and contain mixed findings about the extent to which
precipitation patterns have (or have not) changed since the early
1900s. Precipitation is also characterized by large natural variability
across a range of timescales ranging from the intra-annual to the
centennial. The detection findings in ARbS are therefore mixed:
ARD notes that there is high confidence that average precipitation
in mid-latitude land areas has increased since 1951." However,
there is only medium confidence in precipitation change averaged
over global land areas since 1951, and low confidence in
precipitation change prior to 1951."

With respect to attribution, AR5 found that anthropogenic
forcings had likely accelerated the hydrologic cycle, primarily
through increases in temperature which can induce more rapid
evaporation and support heavier rain events. However, the effect
on annual mean regional precipitation was unclear. Specifically,
ARD found that:

It is likely that anthropogenic influences have affected the global
water cycle since 1960. Anthropogenic influences have contributed
to observed increases in atmospheric moisture content in the
atmosphere  (medium confidence), to global-scale changes in

97.  Michael Bevis, Accelerating Changes in Ice Mass Within Greenland, and the Ice Sheet’s
Sensitivity to Atmospheric Forcing, 116 PROC. NAT’L ACAD. OF SCI 1934, 1934 (2019).

98. IPCC AR5 WGI, Summary for Policy Makers, supra note 25, at 4.

99. Id. at 5, 40. A recent paper that integrated climate models, observations, and
reconstructions of climate over the past 1000 years detected an elevated risk of hydroclimatic
drought (a blend of precipitation deficit and greater evaporation potential associated with
warming) consistent with anthropogenic activities as early as the first half of the 20th
century. Kate Marvel et al., Twentieth-Century Hydroclimate Changes Consistent with Human
Influence, 569 NATURE 59 (2019).
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precipitation patterns over land (medium confidence), to intensification
of heavy precipitation over land regions where data are sufficient
(medium confidence), and to changes in surface and sub-surface ocean
salinity (very likely)."™

The changes in surface and subsurface ocean salinity are noted
here due to the link between precipitation and salinity: the
observational record shows that regions of high salinity (where
evaporation is prevalent) have become more saline, whereas
regions of low salinity (where precipitation is prevalent) have
become fresher since the 1950s, and these regional trends provide
“indirect evidence that evaporation and precipitation over the
oceans have changed.”"

NCA4 also contained mixed findings about the effect of rising
GHG concentrations and temperatures on global precipitation
patterns. NCA4 noted that there had been a modest rise in annual
average precipitation across global land areas, but that this increase
could not be deemed statistically significant due to a lack of data
coverage in early rainfall records.” However, NCA4 did note that
there had been an observed increase in arctic precipitation of
approximately 5 percent since the 1950s, which had been detected
and attributed to human activities.'”

2. Extreme Event Attribution

Extreme event attribution is a branch of climate change
attribution that seeks to understand how human-induced changes
in the global climate system are affecting the frequency, severity,
and other characteristics of extreme events, such as abnormally hot
days, heat waves, tropical cyclones, abnormally heavy rainfall events,
and meteorological droughts."”* This can be contrasted with the

100. IPCC AR5 WGI, Summary for Policy Makers, supra note 25, at 17 (emphasis in
original).

101. Id. at8.

102. NCA4, supra note 7, at 46.

103. Id. at 47 (citing Seung-Ki Min et al., Human-Induced Arctic Moistening, 320 SCIENCE
518 (2008)).

104.  Meteorological drought is defined based on climate variables, especially
precipitation and temperature (and to a lesser extent solar radiation at the surface, wind,
and atmospheric humidity). Hydrological drought, in contrast, is defined by shortages of
available freshwater resources, such as reservoirs, groundwater, and rivers/streams.
Hydrological drought, in contrast to meteorological drought, is thus linked more closely to
freshwater usage and freshwater needs.
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climate change attribution research described above, which focuses
on changes in long-term mean variables rather than changes in
extremes.

Since 2011, the Bulletin of the American Meteorological Society
(BAMS) has been publishing annual reports on Explaining Extreme
Events from a Climate Perspective."” The 2016 and 2017 BAMS reports
both contained studies finding that certain extreme events could
not have been possible in a pre-industrial climate, all of which were
heat-related events.” Below, we summarize some of the methods
used in this research and the confidence with which scientists have
been able to attribute different types of extreme events to climate
change.

a. Methods and Parameters

Extreme event attribution is rapidly advancing due to improved
understanding of extreme events, improved modeling (including
standardized sets of simulations that can be used by a broad
research community), lengthening observational datasets and re-
analyses (blends of observations and models), some of which now
incorporate paleoclimate data like tree rings to develop pre-
observational historical reconstructions,”” more robust remote
sensing data sets, and new analytical techniques.” Climate and
weather models, in particular, are indispensable to most event
attribution studies.” But statistical analysis can also be used in lieu
of, or as a supplement to, models for locations with high quality
observational records."

105.  Explaining Extreme Luvents from a Climate Perspective, BULL. AM. METEOROLOGICAL
socy, https://www.ametsoc.org/ams/index.cfm/publications/bulletin-of-the-american-
meteorological-society-bams/explaining-extreme-events-from-a-climate-perspective /
[https://perma.cc/7P25-68HT] (last visited Nov. 17, 2019).

106. Id. See also BAMS 2016, supra note 76; BAMS 2017, supra note 76.

107. E.g., Marvel et al., supra note 99.

108. NAT’L ACAD. OF SCI., ENG’G AND MED., ATTRIBUTION OF EXTREME WEATHER EVENTS
IN THE CONTEXT OF CLIMATE CHANGE 1 (2016) [hereinafter NAS 2016].

109. Id. at 44.

110.  See, e.g., IPCC AR5 WGI, supra note 25; Stefan Rahmstorf & Dim Coumou, Increase of
Extreme Events in a Warming World, 108 PROC. NAT’L ACAD. OF ScI. 17905 (2011); Geert Jan
van Oldenborgh, How Unusual Was Autumn 2006 in Europe?, 3 CLIMATE PAST 659 (2007); R.
Vautard et al., Extreme Fall 2014 Precipitation in the Cevenees Mountains, in BAMS 2014, supra
note 76, at S56; Geert Jan van Oldenborgh et al., Climate Change Increases the Probability of
Heavy Rains Like Those of Storm Desmond in the UK—An Event Attribution Study in Near-Real Time,
12 HYDRO. EARTH SYST. SCI. DISCUSSIONS 13197 (2015).
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Generally speaking, attribution of extremes is more challenging
than attribution of means for a variety of reasons, including: 1) the
local nature and short duration of many extremes (which makes
them difficult to model given the coarse resolution of climate
models); 2) the relative rarity of extreme events at a given location
(which makes it difficult to detect and attribute a climate change
“signal” amidst the large “noise” of natural variability); and 3) the
cause-and-effect chains for extremes are often highly nonlinear and
may include instantaneous and delayed effects."' There are also
some modeling challenges that are particularly relevant for
extreme event attribution. Christiansen (2015) notes models may
be too Gaussian in their extreme events (that is, they don’t produce
enough of them). Furthermore, skewness—a statistical measure
that is sensitive to the tails of the distribution—may vary by season.
Scientists have devised statistical approaches to avoid the problems
and limitations associated with climate models but all rely on
simplifying assumptions.'” Statistical approaches also tend to make
the potentially faulty assumption that historical relationships will
persist as the climate changes further.'"” Nonetheless, for many

111.  Sebastian Sippel et al., Warm Winter, Wet Spring, and an Extreme Response to Ecosystem
Functioning in the Iberian Peninsula, in BAMS 2016, supra note 76, at S80 (citing D.A. Frank et
al., Effects of Climate Extremes on the Terrestrial Carbon Cycle: Concepts, Processes, and Potential
Future Impacts, 21 GLOBAL CHANGE BIOLOGY 2861 (2015) and J.A. Arnone et al., Prolonged
Suppression of Ecosystem Carbon Dioxide Uptake After an Anomalously Warm Year, 455 NATURE 383
(2008)).

112.  For example, a study may assume that climate change can be represented by a
polynomial trend and that any residual represents natural variability.

113.  NAS 2016, supra note 108; Bo Christiansen, The Role of the Selection Problem and Non-
Guassianity in Attribution of Single Events to Climate Change, 28 J. CLIMATE 9873 (2015). The
above is one example of a much broader collection of approaches to addressing climate
model limitations. Two other examples include: (1) Hannart proposed using (observed)
data assimilation techniques to go beyond climate model ensembles (Hannart et al., supra
note 51); (2) Numerous authors used optimal fingerprinting techniques (Gabriel Hegerl &
Frank Zwiers, Use of Models in Detection and Attribution of Climate Change, 2 WIRES CLIMATE
CHANGE 570 (2011); Nikolaos Christadis & Peter A. Stott, Changes in the Geospatial Height at
500 hPa Under the Influence of External Climatic Forcings, 42 GEOPHYSICAL RES. LETTERS 10798
(2015)) to develop approaches tailored to specific climate models. Based on some historical
measure of skill by region and extreme event type, individual models can then be included
or rejected in analyses (Andrew D. King et al., The Timing of Anthropogenic Emergence in
Simulated Climate Extremes, 10 ENVTL. RES. LETTERS 1 (2015)). While such approaches offer
advances relative to simple bias correction or using climate model output directly, there
remains the possibility that (1) the “winning models” miss key processes/succeed for the
wrong reasons, and (2) that they may miss emerging behavior as the planet warms. In both
instances, prior strong performance by an individual model might not be indicative of skill in
the emerging climate.
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variables and locations, extreme event studies can generate
reasonably reliable results.

The results of extreme event studies are sensitive to how the
research question is framed,”” and what methodological
approaches and datasets are used. Studies may focus on a class of
events, such as the 2017 Atlantic hurricane season, or an individual
event. This second research area, sometimes called single-event
attribution, is growing fast, and there are now hundreds of studies
seeking to identify the “human fingerprint” on major storms,
floods, heat waves, and other events.'”

One critical framing question is how to define the “extreme
event” (or event class) for the purposes of the study. This involves
defining physical thresholds for what constitutes an “extreme” and
determining the appropriate timeframe and spatial scale of the
study, all of which have implications for the results of the study.
For example, if in analyzing a heat extreme scientists select as their
temperature threshold the maximum temperature achieved, and
focus their analysis on the location that reached the highest
temperatures during the heat event, the event may appear more
exceptional, and the study less broadly relevant, than if the
temperature threshold and spatial scale were selected in a more
generic way. More fundamentally, there are often multiple metrics
that could be used to define an extreme event. For example, a heat
wave could be defined based on maximum temperature over the
course of the heat wave, heat wave duration, a combination of
temperature and moisture in the air, or atmospheric circulation
associated with the event. Along similar lines, scientists may tend to
study those events where attribution statements are easiest to make
and/or where data availability and societal interest are high. These
are just a few examples of how event framing can introduce
selection bias into an attribution study, thus compromising the
study results. Fortunately, selection bias is not an insurmountable
obstacle: efforts are underway to standardize how extreme events
are defined and selected for analysis, and this would have the

114. Framing includes how the event is defined, what conditioning is included, and how
the results are presented (frequency vs. intensity, FAR vs. RR, etc.). NAS 2016, supra note
108, at 37.

115.  See, e.g, WORLD WEATHER ATTRIBUTION PROJECT, https://www.worldweath
erattribution.org/ [https://perma.cc/5US8-M5ST] (last visited Dec. 29, 2019).
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added benefit of facilitating more systematic comparison between
extreme event studies."

Scientists also have different options for how to go about
analyzing the effect of anthropogenic climate change on the event.
There are two approaches that dominate extreme event attribution
studies.”"” The first is a “risk-based” approach, which focuses on the
extent to which climate change has increased the probability (or
risk) of an extreme event threshold (such as temperatures of 95°F)
being crossed. The second is a “storyline” approach, which focuses
on how a variety of factors, including climate change, have affected
the characteristics and magnitude of an individual extreme event in
its entirety. These approaches both have benefits and drawbacks,
as described below.

The risk-based approach to extreme event attribution involves
evaluating the extent to which human influence on climate has
changed the probability of occurrence of an event at or below a
particular threshold (e.g., a heavy rain event of five inches or
less)."" One key concept in such research is the “fraction of
attributable risk” (FAR), which can be defined as the relative risk
(or risk ratio)' of an extreme event or class of events occurring
with and without anthropogenic climate change. The risk-based
approach typically involves the use of two or more simulations from

116. NAS 2016, supra note 108, at 15.

117.  The binary classification of risk-based vs. storyline approaches in the main text
obscures some other approaches in the literature. As one example, Mann et al. suggested a
modification to traditional frequentist statistical inference approach, that builds in prior
physical understanding and updates based on experience. Michael E. Mann et al., Assessing
Climate Change Impacts on Extreme Weather Fvents: The Case for an Alternative (Bayesian) Approach,
144 CLIMATIC CHANGE 131 (2017). Mann et al. equate it to the conditional storylines
approach (for example: surface air temperature increase means more extreme temperatures,
and means more moisture in the air), but goes on to propose something quite different.
Mann et al. propose to use our full knowledge and expectations (through Bayesian statistics)
rather than overweighting avoidance of type 1 errors (claiming a relationship where none
exists). Mann et al. note that fear of type one error yields underestimates of risk and of
human contributions to extremes (citing Stefan Rahmstorf et al., Recent Climate Observations
Compared to Projections, 316 SCIENCE 709 (2007)). Mann et al. note that such a precautionary
approach to risk is common in other fields where ‘do no harm’ prevails (citing Gerd
Gigerenzer & Adrian Edwards, Simple Tools for Understanding Risks: from Innumeracy to Insight,
327 BRIT. MED. ]. 741 (2003) (discussing this approach in the context of pharmaceuticals)).
So, he says you get more accurate results and additionally, from a risk management and
ethical perspective, more policy sound results.

118. Myles Allen, Liability for Climate Change, 421 NATURE 891, 891 (2003); Hannart et al.,
supranote 51.

119. Risk ratio/relative risk = the ratio of the probability of an outcome in an exposed
group to the probability of an outcome in an unexposed group.
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a climate model or models which differ in that 1) one simulation is
meant to represent the “world that is"—that is with the greenhouse
gas concentrations (and sometimes other forcings and changes in
boundary conditions like a warming ocean as well) as they have
evolved since an earlier reference period, and 2) the other
simulation reflects a “counterfactual world” without anthropogenic
forcing. Because climate models generally cannot reproduce the
observed statistics of the extreme event in question, a
corresponding percentile threshold is often used. For example, if a
location experiences a five-inch rainfall event, and that is estimated
based on observed data to be a once per year event, the
precipitation threshold amount in the model that occurs once per
year is used for the model comparisons. In mathematical terms:

FAR=1-P0/P1

Where Pl equals the probability of a climatic event (such as a
heat wave) occurring in the presence of anthropogenic forcing of
the climate system, and PO equals the probability of the event
occurring if the anthropogenic forcing were not present. If FAR
equals zero, it means that anthropogenic climate change had no
effect on the probability of the event occurring; if FAR equals one,
it means that the event could not have happened in the absence of
anthropogenic climate change; if FAR equals 0.5, it means that
anthropogenic climate change doubled the probability of the event
occurring. In multi-event studies, a FAR of 0.5 can be interpreted
as meaning that half of the events would not have happened in a
world without anthropogenic climate change.

This approach was pioneered by Myles Allen in a 2003 study in
which he introduced the concept of FAR as a potential basis for
liability for climate damages.” Many other studies have since
replicated Allen’s approach, estimating the FAR for a range of
extreme events including heat waves, droughts, and floods. While
the term FAR is almost exclusively used in extreme event
attribution, probabilistic analysis is prevalent across all forms of
attribution,” and the concept of “attributable risk” can in principle

120. Allen, supranote 118.

121.  The prevalence of probabilistic analysis in both climate change and impact
attribution is evident in the IPCC’s frequent use of terms such as “likely” and “very likely”
when describing human influence on observed changes and impacts.
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be applied to both mean changes in climate™ and a variety of
climate change impacts. Indeed, the methodology derives from
common approaches used in public health and other risk-focused
research.” The advantages of this approach are that it is relatively
well-established, understood, and accepted by the scientific
community,” and it provides quantitative (probabilistic) findings
similar to the sort of epistemological and environmental data that
is often dealt with by policy-makers, planners, and courts.
Drawbacks include: 1) overreliance on climate models, which as
noted earlier, may not be able to simulate some types of extremes
with fidelity in a baseline climate, and could have blind spots with
respect to how climate change may be modifying key processes
influencing the extreme event, and 2) susceptibility to Type II
errors (i.e., false negatives) where the signal-to-noise ratio for an
event is small due to large internal variability of the atmosphere,
which is often the case for dynamically-driven events such as
extreme precipitation and storms especially.125 As such, it can

122, See, e.g., Thomas Knutson et al., CMIP5 Model-Based Assessment of Anthropogenic
Influence on Record Global Warmth During 2016, in BAMS 2016, supra note 76, at S13.

123.  The concept of “attributable risk” actually originated in epidemiological studies
(e.g., studies seeking to identify the extent to which smoking increases the risk of lung
cancer) and is therefore well-suited for evaluating health-related risks. Some efforts have
been made to quantify “attributable risk” for climate change-related health impacts, but most
of these studies are forward-looking, and there is only a small body of research seeking to
determine the attributable risk of observed public health impacts. There is still a strong
need for more quantitative analysis on this topic. See infra Section II(B) (3); Kristie L. Ebi et
al., Monitoring and Evaluation Indicators for Climate Change-Related Health Impacts, Risks,
Adaptation, and Resilience, 15 INT'L. ]J. ENVTL. RES. PUB. HEALTH 1943 (2018) (discussing the
need to develop quantitative indicators of climate change-related health risks); Wei W. Xun
et al., Climate Change Epidemiology: Methodological Challenges, 55 INT’L. J. PUB. HEALTH 85
(2010) (discussing challenges in attributing epidemiological risks to climate change); Maud
M.T.E. Huynen & Pim Martens, Climate Change Effects on Heat- and Cold-Related Mortality in the
Netherlands: A Scenario-Based Integrated Environmental Health Impact Assessment, 12 INT’L. J.
ENVTL. RES. PUB. HEALTH 13295 (2015) (quantifying the population attributable fractions
(PAF) of mortality due to heat and cold, but projecting future impacts rather than
attributing current impacts); S.J. Yoon et al., Measuring the Burden of Disease Due to Climate
Change and Developing a Forecast Model in South Korea, 128 PUB. HEALTH 725 (2014)
(quantifying influence of climate change on disease burden in South Korea).

124.  SeeNAS 2016, supra note 108, at 3.

125.  Kevin Trenberth et al., Attribution of Extreme Climate Events, 5 NATURE CLIMATE
CHANGE 725 (2015).



BURGER ET AL. FINAL MACRO 2 (DO NOT DELETE) 2/5/2020 2:44 PM

2020] The Law and Science of Climate Change Attribution 95

underestimate the extent to which anthropogenic influence has
increased the probability of an event.™

Some probabilistic approaches have adopted conditional risk-
based analyses, both to simplify the modeling and to control for
factors other than anthropogenic effects (such as natural
variability, as discussed above)."”” Conditional analyses can in some
respects be thought of as a logical outgrowth of the tension
between risk based and storyline conceptualizations,™ since they
attempt to isolate the component of extreme events due to
anthropogenic warming by treating other components as a control.
For example, natural variability of the ocean surface could be
treated as a control through a climate model experiment that used
the same observed sea surface temperature patterns (on the
assumption that patterns are due to natural variability) to drive
both the counterfactual and anthropogenic forcing simulations,
while universally increasing the SSTs by the amount assumed to
correspond to anthropogenic forcing. By comparing the results,
scientists can largely avoid the criticism that natural variability in
ocean temperatures may have led to differences between the two
sets of results. However, one price paid is that by simplifying the
experiment, full probabilistic attribution is no longer possible,
since the experiment was designed so as to ignore the question of
how sea surface temperature patterns may be impacted by
anthropogenic forcing. Also unaddressed is the possibility that the
estimated magnitude of SST warming assumed with the
anthropogenic forcing in the experimental design could be wrong.
As models become more interactive and experimental designs grow
more complex, the problem of what parts to condition become
more and more vexing. Harrington summarized conditioning this
way:

More conditioning on the observations of the event will result in an
attribution statement with higher confidence (as some possible
sources of uncertainty will have been eliminated (Shepherd 2016)),
but it will have less relevance to other extreme events which may
occur in the future (Otto et al. 2016), and may only quantify the

126. FAR is not well defined when the baseline risk is very low; it also is not designed to
be applied to situations with decreasing risk. NAS 2016 , supra note 108, at 28. Furthermore,
when there are multiple causes, FAR can exceed 1.

127.  See supra Section II(B) (1).

128.  For further discussion of the storyline approach, see infra page 32.
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human influence on one part of a causal chain of physical
phenomena contributing to the severity of a given event. From the
perspective of an in-depth attribution study, multiple perspectives
using varying levels of conditioning may therefore be
complimentary."™

The “storyline” approach to extreme event attribution provides
an alternative method for evaluating how climate change affected
some or all of the components that come together to form an
individual extreme event.” This approach is conditional in the
sense that it takes the unique extreme event as given; rather than
asking whether it could have happened without anthropogenic
forcing, it asks how anthropogenic forcing may have modified the
given event."”

The storyline approach was first introduced by Trenberth et al.
(2015) as an alternative to the risk-based approach. The approach
begins with the idea that some aspects of climate change are better
understood than others, with warming temperature and
thermodynamics emerging as first order aspects of climate change
that are relatively straightforward to model and understand.
Proponents of the approach have emphasized that, by contrast,
changes in dynamics, or motion, with climate change are poorly
understood and poorly simulated by models.” The storyline
approach, focusing only on components that are well understood,
like thermodynamics, allows for higher confidence statements
about a portion of the event that science understands well, albeit it
at the expense of having to forsake complete, quantitative

133

statements. A typical finding from a storyline approach might be

129. Luke James Harrington, Novel Approaches to Quantify the Emergence of Anthropogenic
Climate Change (2017), (unpublished Ph.D. dissertation, Victoria University of Wellington)
(on file with New Zealand Climate Change Research Institute School of Geography,
Environment and Earth Sciences).

130. The storyline approach was first introduced by Kevin Trenberth. See Trenberth et
al., supra note 125, at 726.

131. Theodore G. Shepherd, A Common Framework for Approaches to Extreme Event
Attribution, 2 CURRENT CLIMATE CHANGE REP. 28, 28 (2016).

132.  The National Academies explained: “Changes in atmospheric circulation and
dynamics are generally less directly controlled by temperature, less robustly simulated by
climate models, and less well understood.” NAS 2016, supra note 108, at 6.

133. The reader may note similarities between conditional probabilistic attribution and
the storylines approach. Conditional attribution starts by saying ‘given this ...". The “given”
in this context is often sea surface temperatures or sea ice extent, but it can also be a certain
type of atmospheric circulation. The idea is to move part of the conditions, often the most
vexing part, out of the attribution question. This approach still leaves the question open
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“warming of the upper ocean and atmosphere associated with
climate change enabled more rainfall during event Y than
otherwise would have been experienced.” In some studies,
quantitative statements are included as well based on certain
limited assumptions. In the above example, it might be stated that
the warming of the upper ocean and atmosphere due to climate
change—the thermodynamics—were responsible for an X percent
increase in rainfall. Critically though, any quantitative statements,
rather than being comprehensive, are linked to specific aspects of
the climate system identified by the authors, such as water
temperatures in the example above. Furthermore, most storyline
approaches do not endeavor to assess what percentage of the
driver—ocean temperature in the example above is due to human
activity.

As with the probabilistic or risk based approach, several criticisms
have been raised of the storyline approach.m4 First, focusing on a
single event in its entirety (as opposed to the risk-based approach,
in which events that are defined solely based on their exceedance
of a threshold such as 95°F, or air pressure at a given height) and
emphasizing changes across only a portion of the event drivers
(e.g., focusing on thermodynamics rather than dynamics) limits the
utility of the storylines approach for traditional policy and legal
applications.  Since each event is treated as unique, the
applications for a class of events is unclear, and emphasis on a
portion of the event’s drivers, often in a qualitative way,
immediately begs the question of how to address remaining drivers
or summarize the event in toto. Second, the storyline approach has
been criticized as oversimplistic due to the compartmentalization
of an event into discrete components. More specifically the basic
premise that within the context of climate change thermodynamics
are well understood, and dynamics are not (or are unlikely to
change in important ways for extreme events), has been
challenged, with some arguing that there is a smooth gradient of
understanding across system components such as thermodynamics

though of whether anthropogenic warming has impacted the part being taken as given. The
storyline approach takes a full, specific event as the given; tries to initially identify all aspects
and drivers; but then focuses on backing out how some of the better understood aspects of
climate change—generally the thermodynamics, may have impacted the event magnitude.

134. Friederike E. Otto et al., The Attribution Question, 6 NATURE CLIMATE CHANGE 813
(2016).
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and dynamics."” Furthermore, thermodynamics and dynamics
interact. For example, a thermodynamic change, such as warming
of the upper ocean, induces changes in the dynamics of
atmospheric circulation such as rising air, which can feed back on
thermodynamics, for example by changing cloud cover and thus
solar radiation received at the surface. Neglecting dynamics thus
inevitably misses ways that thermodynamics can be impacted by
dynamics, thus rendering the thermodynamics analysis
incomplete.™ Another potential drawback of this approach is that
it generates more qualitative findings that may be less useful for
certain applications than the quantitative findings of the risk-based
approach."”

While there is some debate about the relative merits of these two
approaches, the reality is that they are complementary—they each
provide different insights on the effect of anthropogenic climate
change on event characteristics, and one approach can be used to
fill gaps where the other is unsuitable. For example, the
probabilistic/risk-based approach may be more justifiable for
analyzing all events below a threshold, for a class of events that are

135. For example, Mann et al. (2017) notes that dynamical changes with warming are
starting to come into focus: more specifically, a growing body of work based on observations
and simple models supports the idea that the latitudinal pattern of mean temperature
changes (including Arctic amplification) may support changes in atmospheric dynamics that
supports wave resonance and ‘stuck’ weather, which enhances the magnitude and duration
of extremes. It should be noted that global climate models generally do not reproduce this
pattern of wave resonance and ‘stuck’ weather with warming. Michael E. Mann et al,,
Influence of Anthropogenic Climate Change on Planetary Wave Resonance and Extreme Weather Events,
7 SCI. REPORTS 45242 (2017).

136. Otto shows how the dynamics and thermodynamics counteracted each other in
2013 German floods. See Otto et al., supra note 134, at 815. Similarly, a study in Western
Australia found dynamics/circulation changes that favor less rain, but thermodynamic
(specifically sea surface temperature) changes that favor increase in rain. Thomas L.
Delworth & Fanrong Zeng, Regional Rainfall Decline in Australia Attributed to Anthropogenic
Greenhouse Gases and Ozone Levels, 7 NATURE GEOSCIENCE 583 (2014).

137. For example, the quantitative findings from risk-based studies may be more suitable
to answering questions about apportioning liability for climate change. A related criticism is
that individual extreme events are complicated, and the storyline approach, through its lack
of a clear methodology, opens doors to claims of cherrypicking. For example, Trenberth et
al. note that during the “Snowmaggendon event” unusually high sea surface temperatures
led to more moisture being available. Trenberth et al., supra note 125, at 727. The authors
are silent on other drivers of snowfall amount, such as storm location and availability of cold
air. In this instance, the approach is arguably justified given the “thermodynamic” links
between sea surface temperature and warming, but especially in the hands of less
knowledgeable researchers, the lack of a clear, replicable methodology may open the door to
perceptions of cherrypicking of event components.
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relatively well simulated by climate models (e.g., 99% temperature
extremes), whereas the storylines approach may be more
appropriate for complex, iconic, multivariate events such as
Hurricane Sandy, which combine everything from extreme storm
surge and snowfall to high winds.”” Granted, even with both
approaches there is still a fair amount of uncertainty about the
human fingerprint on certain events and certain event classes."™
This is evident from the fact that the risk-based and storyline
approaches can produce very different findings about the
magnitude of the human influence on certain events, as
highlighted in our discussion of specific event studies below."”

A recent development in this field is the emergence of and
growing focus on “rapid” and “advance” (or “predictive”) event
attribution. The World Weather Attribution (WWA) project,
founded in 2014, is at the forefront of these efforts: it conducts
“real-time” (i.e., rapid) attribution analysis of extreme weather
events that happen around the world."" To accomplish this, WWA
and other like entities use seasonal forecasts rather than
observations to simulate extreme weather events under current
climate conditions before the events actually occur. The goals of
this approach are twofold: first, to demonstrate the feasibility of
using forecast for reliable attribution findings, and second, to make
it possible to issue attribution findings for extreme weather events
as they occur.™ This second function can help facilitate
engagement with the media, policy-makers, and the public while
events are still fresh in everyone’s mind. However, some scientific
rigor may be lost when research is conducted with such alacrity.
For example, there may be less opportunity to test the model’s
ability to simulate the actual event, and there may be little or no
time for traditional peerreview. Nevertheless, as attribution
research continues to mature, and standardization of experiments

138. Elisabeth Lloyd & Naomi Oreskes, Climate Change Attribution: When Is It Appropriate to
Accept New Methods?, 6 EARTH’S FUTURE 311 (2018).

139. To help address uncertainty, the National Academies has noted a need for more
research on: (i) the role of natural variability in extreme events; (ii) the characterization of
uncertainty; (iii) why it is that different approaches have yielded very different findings; (iv)
what methods are used for event section; and (v) how the counterfactual (no anthropogenic
climate change) world is framed. NAS 2016, supra note 108, at 12.

140.  See infra section II(B) (2) (b).

141.  WORLD WEATHER ATTRIBUTION PROJECT, supra note 115.

142.  About World Weather Attribution, https://www.worldweatherattribution.org/
about/ (last visited Jan. 14, 2020).
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enables more multimodel evaluations, rapid—and even
predictive—event attribution will grow in prominence and
robustness.

b. Status of Research

IPCC AR5 summarized the status of observations on extreme
events as follows:

Changes in many extreme weather and climate events have been
observed since about 1950. It is very likely that the number of cold
days and nights has decreased and the number of warm days and
nights has increased on the global scale. It is likely that the frequency
of heat waves has increased in large parts of Europe, Asia and
Australia. There are likely more land regions where the number of
heavy precipitation events has increased than where it has decreased.
The frequency or intensity of heavy precipitation events has likely
increased in North America and Europe. In other continents,
confidence in changes in heavy precipitation events is at most
medium.*’

143. IPCC AR5 WGI, Summary for Policymakers, supra note 25, at 5.
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NCA4 contained similar findings."" With respect to attribution,
both AR5 and NCA4 recognized that the evidence of human
influence on extreme events varies depending on the event and, in
many cases, is difficult to ascertain. Generally speaking, the
confidence with which scientists have been able to attribute
extreme events to climate change has been highest for events that
are directly related to temperature.”’ Extreme events that are the
result of more complex interactions between variables (e.g.,
drought) are more difficult to attribute. There is moderate
confidence about extreme precipitation increases. While there is
relatively low confidence about precipitation deficits alone in the
context of drought, there is higher confidence in the combined
impacts of higher temperature and precipitation on drought risk.
For other classes of severe weather, such as tropical cyclones, mid-
latitude storms, and smaller scale convective events and tornadoes,
confidence is generally lower. However, these generalizations mask
substantial nuance across space and time; for example, high
temperature extremes at individual highly continental locations in
the mid and high latitudes (where internal variability is large) may

144. NCA4, supranote 7, at 207-76.
145. NAS 2016, supra note 108, at 2.
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be difficult to attribute, and high water level extremes may be
difficult to attribute in places where large storm surges are
relatively frequent, rendering the sea level rise signature on coastal
high water levels relatively less prominent.

Table SPM.
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Figure Source: IPCC, Summanry for Policy Makers, in CLIMATE CHANGE
2014: IMPACTS, ADAPTATION, AND VULNERABILITY 7 (C.B. Field et al. eds,
Cambridge University Press 2014).

Since AR5 was published in 2013, the world has seen a growing
number of record-breaking extreme events and hundreds of new
event attribution studies have been published. The majority of
these studies deal with heat, precipitation, and storm-related
impacts, but a growing number of studies are assessing more novel
types of extremes—as one example, a recent study looked at
“extreme winter sunshine” in the United Kingdom.'46 Notably, of
the 146 studies published in the BAMS reports since 2011,
approximately 70% have found that anthropogenic climate change

146. Nikolaos Christidis et al., Human Contribution to the Record Sunshine of Winter 2014/15
in the United Kingdom, in BAMS 2015, supra note 76, at 47.
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was a significant driver of the event studied.”” The 2016 and 2017
BAMS reports also contained several studies in which the authors
concluded that the event could not have happened in the absence of
anthropogenic climate change. Another meta-analysis of extreme
event attribution studies, published in 2018, found that forty-one of
fifty-nine papers published in 2016 and 2017 found a positive signal
of climate change, and that thirty-two of forty-three papers
published in 2018 found that climate change had increased the
event’s likelihood or intensity.” That meta-study also noted that
the only four studies published in 2018 which found that climate
change decreased the likelihood or intensity of the event all dealt
with snow and/or cold ternperatures.149 With all this new research,
the evidentiary basis for attributing extreme events to climate
change is growing rapidly.

1. Extreme Heat

The core characteristics of extreme heat events (magnitude,
frequency, and duration) are all highly sensitive to changes in
mean temperatures at a global scale.” Thus, an increase in the
magnitude, frequency, and duration of extreme temperature
events is a direct and foreseeable consequence of a warming
climate. Not surprisingly, confidence in attribution findings is
generally greatest for extreme heat events, as compared with other
types of extreme events.” NCA4 found, with very high confidence,
that the frequency and intensity of extreme heat events are
increasing in most continental regions around the world,
consistent with the expected physical responses to a warming
climate."™

One of the earliest extreme event attribution studies dealt with
the European heat wave of 2003. Applying the risk-based
approach, Stott et al. (2004) found that it was very likely
(confidence level >90%) that human influence had at least

147.  See Stephanie C. Herring et al., Abstract, in BAMS 2016, supra note 76, at Sii.

148. RICHARD BLACK & RUSSEL BAUM, ENERGY & CLIMATE INTELLIGENCE UNIT, EVEN
HEAVIER WEATHER 6 (2018).

149. Id.

150. Radley M. Horton et al., A Review of Recent Advances in Research on Extreme Heat Fvents,
2 CURRENT CLIMATE CHANGE REP. 242, 242 (2016).

151.  NAS 2016, supra note 108, at 7; see Stephanie C. Herring et al., Introduction to
Explaining Extreme Events of 2016 From a Climate Perspective, in BAMS 2016, supra note 76, at S2.

152. NCA4, supranote 7, at 19.
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doubled the risk of a heat wave of the sort experienced that
summer.”™ Since then, scientists have developed a robust body of
research linking unusually warm temperatures and heat waves to
anthropogenic  climate change.”™ One meta-analysis of
unprecedented extremes on a global level found that:

[H]istorical warming has increased the severity and probability of the
hottest month and hottest day of the year at >80% of the available
observational area. For the most protracted hot and dry events, the
strongest and most widespread contributions of anthropogenic
climate forcing occur in the tropics, including increases in probability
of at least a factor of 4 for the hottest month and at least a factor of 2
for the driest year. e

The studies contained in recent BAMS reports further reinforce
this conclusion. The BAMS reports covering 2014 through 2017
contained a total of thirty-five studies examining anthropogenic
influence on extreme heat (including terrestrial and marine heat),
and thirty-three of those studies (91%) found that anthropogenic
climate change had increased either the likelihood or the severity
of the heat event."” Notably, there were several studies in the two
most recent reports (from 2016 and 2017) which concluded that
heatrelated events would have been “virtually impossible” in the
absence of anthropogenic influence on climate. One of these
studies focused on record-breaking global annual mean surface
temperatures in 2016, while others focused on phenomena that
more closely fit the definition of an “extreme” event, specifically:

153.  Peter Stott et al., Human Contribution to the European Heatwave of 2003, 432 NATURE
610, 610 (2004).

154. IPCC AR5 WGI, Summary for Policymakers, supra note 25, at 19 (“There has been
further strengthening of the evidence for human influence on temperature extremes since
the SREX. It is now very likely that human influence has contributed to observed global
scale changes in the frequency and intensity of daily temperature extremes since the mid-
20th century, and likely that human influence has more than doubled the probability of
occurrence of heat waves in some locations.”).

155. Diffenbaugh et al., supra note 95, at 4881. The researchers noted that the
framework they used in this study was capable of systematically evaluating the role of
dynamic and thermodynamic factors such as atmospheric circulation patterns and
atmospheric water vapor, lending much greater statistical confidence their findings.

156. BAMS 2014, supra note 76; BAMS 2015, supra note 76; BAMS 2016, supra note 76;
BAMS 2017, supra note 76.

157. Thomas Knutson et al., CMIP5 Model-Based Assessment of Anthropogenic Influence on
Record Global Warmth During 2016, in BAMS 2016, supra note 76, at S11.
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extreme heat in Asia,”™ and marine heat waves off the coast of
Alaska' and Australia."” All three studies employed the risk-based
approach and found that FAR equals one, meaning the event could
not have happened without anthropogenic influence. The BAMS
editors noted these findings were novel and significant for two
reasons: (i) they show that the influence of anthropogenic climate
change can, at some point, become sufficiently strong to cause an
extreme event which is beyond the bounds of natural variability
alone; and (ii) because of the small sample size of events shown in
the report, it is possible that many other temperature-related
extreme events from recent years also could not have occurred in
the absence of anthropogenic climate change."

Dozens of other studies have found that climate change very
likely influenced the probability and/or magnitude of heatrelated
events around the world. One study focused on two heat waves in
India and Pakistan in 2015 which are estimated to have caused
approximately 3,200 deaths.™ Looking at both heat and humidity
(such compound assessments of multiple variables are becoming
more common), the researchers found that anthropogenic forcing
had substantially increased the likelihood of the observed heat
indices (by approximately 800-100,000%).""

Another compound extremes study focused on heat and drought
in Thailand, specifically examining the causal forcings behind a
severe drought, which affected forty-one Thai provinces and caused
an agricultural loss of approximately $500 million, and a
corresponding heat wave which resulted in an estimated six-fold
increase in heat stroke cases as well as extensive forest fires
throughout the country.164 There, researchers found that record
temperatures could not have occurred without the influence of
anthropogenic influence on climate, and that this increased the

158. Yukiko Imada et al., Climate Change Increased the Likelihood of the 2016 Heat Extremes in
Asia, in BAMS 2016, supra note 76, at S97.

159. John Walsh et al., The High Latitude Marine Heat Wave of 2016 and Its Impacts on
Alaska, in BAMS 2016, supra note 76, at S39.

160. S.E. Perkins-Kirkpatrick et al., The Role of Natural Variability and Anthropogenic Climate
Change in the 2017/18 Tasman Sea Marine Heatwave, in BAMS 2017, supra note 76, at S105.

161. Herring et al., supra note 151, at S1.

162. Michael Wehner et al., The Deadly Combination of Heat and Humidity in India and
Pakistan in Summer 2015, in BAMS 2015, supra note 76, at S81.

163. Id. at S85.

164. Nikolaos Christidis et al., The Hot and Dry April of 2016 in Thailand, in BAMS 2016,
supra note 76, at S128.
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likelihood of low rainfall in the region."” A third study looking at
anomalous Arctic warmth in the winter of 2016 concluded that it
“most likely” would not have been possible without anthropogenic
forcing (the FAR ranged from 0.96-0.99 across five observational
datasets).'

While the above studies provide compelling evidence of human
influence on extreme heat events, it is important to recognize that
quantitative estimates of risk ratios can differ considerably
depending on the method used in the research. This was one key
finding from a study examining the role of anthropogenic warming
in the 2015 central and eastern European heat waves.'”  There,
researchers used a combination of statistical analysis of
observational data and model simulations for attribution purposes.
They found that both approaches provided “consistent evidence
that human-induced climate change has contributed to the
increase in the frequency and intensity of short-term heat waves
and heat stress” in the region, but that risk ratio (or FAR) estimates
at local scales differ considerably depending on the exact
methodology applied.”” It should be noted that the fact that more
heat attribution studies rely on models than rely on observations
does not indicate that models overestimate anthropogenic
influence relative to observations. For example, Sippel and Otto,
using a high resolution climate model simulation, found that
observed upward trends in heat extremes were three times larger
between 1901-2015 than the trend in the climate model driven by
historical forcings, suggesting that using observations would have
produced a change in relative risk that was three times larger than
the model yielded.” Another study relying exclusively on statistical
analysis of observations to examine the 2010 Russian heat wave
found that the warming in the region observed since the 1960s had

165. Id.

166. Jonghun Kam et al., CMIP5 Model-based Assessment of Anthropogenic Influence on Highly
Anomalous
Arctic Warmth During November—December 2016, in BAMS 2016, supra note 76, at S34, S36.

167. Sebastian Sippel et al., The Role of Anthropogenic Warming in 2015 Central European
Heat Waves, in BAMS 2015, supranote 76, at S51.

168. Id. at S55.

169. See id. at S53-S55. As noted earlier, however, use of observations without models is
somewhat fraught, for reasons including the difficultly of isolating natural variability in
models and (in some cases) data limitations.
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increased the risk of a heat wave of the magnitude observed in 2010
by a factor of approximately five, corresponding to a FAR of 0.8."

ii. Drought

While drought is closely connected to increases in temperature, it
is typically more challenging to isolate the effect of anthropogenic
climate change on dryness and drought conditions because
droughts are such highly complex meteorological events (with
many factors affecting their probability, severity, and duration) and
because large internal variability in precipitation makes it more
difficult to identify a climate change signal.” Nonetheless,
researchers have made significant advances in drought attribution
in recent years. Of the twelve studies on drought and dryness that
were included in the 2015, 2016, and 2017 BAMS reports, eleven
(92%) found clear evidence of anthropogenic influence on the
severity or probability of the observed event.'™

One persistent finding is that it is easier to attribute the heat-
related aspects of drought to anthropogenic activities than it is to
attribute reductions in rainfall, due to the dynamic nature of the
hydrologic cycle.” For example, a study of the 2014 drought in the
Horn of Africa found no evidence of anthropogenic influence on
the likelihood of low rainfall, but “clear signals in other drivers of
drought” (namely, higher temperatures and increased net
incoming radiation).”™  One assessment of observed “flash
droughts”™ in southern Africa found that these events had
increased by 220% from 1961-2016, and that there had also been a

170. Rahmstorf & Coumou, supra note 110, at 17905.

171. In this section, we use the term “drought” to refer to meteorological drought—that
is, drought brought about by dry weather patterns. Studies examining hydrologic drought—
that is, drought brought about by low water levels—would more properly be classified as
“impact attribution studies.”

172.  BAMS 2015, supra note 76; BAMS 2016, supra note 76; BAMS 2017, supra note 76.

173.  See, e.g., NCA4, supra note 7, at 22: “The human effect on recent major U.S.
droughts is complicated. Little evidence is found for a human influence on observed
precipitation deficits, but much evidence is found for a human influence on surface soil
moisture deficits due to increased evapotranspiration caused by higher temperatures. (High
confidence)”.

174. T. R. Marthews et al., The 2014 Drought in the Horn of Africa: Attribution of
Meteorological Drivers, in BAMS 2014, supra note 76, at S83; see also Eduardo S. P. R. Martins et
al., A Multimethod Attribution Analysis of the Prolonged Northeast Brazil Hydrometeorological Drought
(2012-16), in BAMS 2016, supra note 76, at S65.

175. The term “flash drought” refers to a rapid-onset drought, typically caused by very
dry and hot weather conditions.
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decreasing trend in precipitation from 1948-2016, but also
recognized that “simulations of surface air temperature change are
much more reliable than those for soil moisture and
precipitation.”” A model based study which also focused on
drought in southern Africa found that climate change likely
increased the intensity of the 2015-2016 El Nino which in turn
contributed to decreases in precipitation in the region."”

The numerous studies on the 2011-2017 California drought also
reflect the complexity and dependency of results on
methodological choices. Swain 2014 focused on geopotential
heights (the heights of pressure surfaces above mean sea level)
because droughts are associated with high atmospheric pressure
and blockage of moisture-laden storms, and found that high
heights were attributable to anthropogenic warming.'™ Funk 2014,
focusing on warming of ocean temperatures off a portion of the US
West coast, found that the ocean warming did not contribute to
drought risk."”™ And Wang and Schubert found conflicting results:
circulation anomalies associated with anthropogenic forcing did
increase drought risk, but humidity increases associated with
anthropogenic warming reduced drought risk.”™ However, a more
recent study found that anthropogenic warming had increased
drought risk in California—specifically, that the precipitation
deficits in California were more than twice as likely to yield drought
years if they occurred when conditions were warm."™

176. Xing Yuan et al., Anthropogenic Intensification of Southern African Flash Droughts as
Exemplified by
the 2015/16 Season, in BAMS 2016, supra note 76, at S86.

177.  Chris Funk et al., Anthropogenic Enhancement of Moderate-to-Strong El Niiio Events Likely
Contributed
to Drought and Poor Harvests in Southern Africa During 2016, in BAMS 2016, supra note 76, at
S91.

178. Daniel L. Swain et al., The Extraordinary California Drought of 2013-2014: Character,
Context, and the Role of Climate Change, 95 BULL. AM. METEOROLOGICAL SOC’Y (SPECIAL
SUPPLEMENT) S3, S7 (2014) [hereinafter BAMS 2013].

179. Chris Funk et al., Examining the Contribution of the Observed Global Warming Trend to the
California Droughts of 2012/13 and 2013/14, in BAMS 2013, supra note 178, at S11.

180. Hailan Wang & Siegfried Schubert, Causes of the Extreme Dry Conditions Over California
During Early 2013, in BAMS 2013, supra note 178, at S7.

181. Noah Diffenbaugh et al., Anthropogenic Warming Has Increased Drought Risk in
California, 112 PROC. NAT'L ACAD. ScI. 3931, 3931 (2015).
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iii. Heavy Precipitation

Both AR5 and NCA4 found clear evidence that extreme rainfall
events are increasing around the world, and this is generally
consistent with expected physical responses to a warming climate."™
However, as noted above, the dynamic nature of extreme
precipitation events—which can be very local and brief in nature,
and thus characterized by large variability and difficult to model—
can make it more difficult to attribute specific precipitation events
to anthropogenic climate change than temperature extremes,
particularly where scientists use the risk-based approach to
attribution. In the BAMS reports published for 2014 through 2017,
ten out of eighteen studies on heavy precipitation (56%) identified
an anthropogenic influence on event frequency or magnitude.™
But to the extent that studies have found a link to anthropogenic
activities, some of the results have been quite striking.

One study of extreme rainfall in China in 2016 found that
anthropogenic forcings, combined with the 2015-2016 strong El
Nifio cycle, had increased the risk of the rainfall event tenfold.™
Other studies looking at extreme rainfall events in China have
similarly found evidence of anthropogenic forcing on extreme
rainfall and flood events in that region.”™ Meredith et al. (2015)
used a high-resolution regional climate model to assess how water
temperature increases in the Black Sea affected a highly-local
“convective” precipitation event.™ They found a 300% increase in
extreme precipitation associated with a non-linear transition in the

182. NCA4, supra note 7, at 19 (“The frequency and intensity of . . . heavy precipitation
events are increasing in most continental regions of the world (very high confidence)”); IPCC
AR5 WGI, Summary for Policymakers, supra note 25, at 7. With each additional degree
Celsius of warming, the atmosphere is capable of holding an additional 7% more water
vapor. Dim Coumou & Stefan Rahmstorf, A Decade of Weather Extremes, 2 NATURE CLIMATE
CHANGE 491 (2012).

183. BAMS 2014, supra note 76; BAMS 2015, supra note 76; BAMS 2016, supra note 76;
BAMS 2017, supra note 76.

184. Qiaohong Sun & Chiyuan Miao, Extreme Rainfall (R20mm, RX5day) in Yangtze—-Huai,
China, in June—July 2016: The Role of ENSO and Anthropogenic Climate Change, in BAMS 2016,
supra note 76, at S102.

185. Claire Burke et al., Attribution of Extreme Rainfall in Southeast China During May 2015,
in BAMS 2015, supra note 76, at S92; Chunliie Zhou et al., Attribution of the July 2016 Extreme
Precipitation Event Over China’s Wuhang, in BAMS 2016, supra note 76, at S107.

186. Edmund P. Meredith et al., Evidence for Added Value of Convection-Permitting Models for
Studying Changes in Extreme Precipitation, 120 J. GEOPHYSICAL RES. ATMOSPHERE 12500, 12500
(2015).
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stability of the atmosphere." A lower resolution model would not
be able to resolve this non-linear precipitation change associated
with higher sea surface temperatures."™

As noted above, the “storyline” approach to attribution was
developed in part to improve attribution for difficult to model
events like extreme precipitation. Researchers used this approach
to examine the effect of anthropogenic climate change on the 2013
floods in Boulder, Colorado, and found that anthropogenic drivers
increased the magnitude of the rainfall for that week by
approximately 30%."™ The scientists also conducted a probabilistic
analysis of potential impacts on flooding and found that this 30%
increase in rainfall approximately doubled the likelihood of flood-
inducing rainfall occurring during that event.” In contrast,
researchers evaluating the Boulder floods under the risk-based
framework found no evidence that anthropogenic climate change
had increased the probability of the event occurring.”  This
underscores the sensitivity of results to methodological choices
made in extreme event attribution.

iv. Tropical and Extratropical Cyclones

Climate change can fuel tropical cyclones in several ways.
Although key uncertainties remain with respect to how
anthropogenic forcing has influenced some tropical cyclone
determinants (e.g., wind shear and atmospheric aerosols), other
drivers are quite clear. First, sea surface temperatures have warmed
in most places, which—all things being equal—allows the most
intense storms to strengthen, leading to non-linear increase in
storm impacts. Second, a warmer atmosphere can hold more
moisture and thus can lead to heavier rainfall and flooding.

187.  See Edmund P. Meredith et al., Crucial Role of Black Sea Warming in Amplifying the
2012 Krymsk Precipitation Extreme, 8 NATURE GEOSCIENCE 615, 615 (2015). This increase was
related to the change in temperature with height; warming water warmed the lower
atmosphere above it, making the lower atmosphere less dense and thereby facilitating
rainfall-conducive rising of air. Id. at 618.

188.  See id. at 616. Note that the paper itself did not directly attribute the increasing sea
surface temperatures to anthropogenic forcing.

189. Pardeep Pall et al., Diagnosing Conditional Anthropogenic Contributions to Heavy
Colorado Rainfall in September 2013, 17 WEATHER AND CLIMATE EXTREMES 1, 1 (2017).

190. Id. ath.

191.  See Martin Hoerling et al., Northeast Colorado Extreme Rains Interpreted in a Climate
Change Context, in BAMS 2013, supra note 178, at S17.
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Finally, higher sea levels exacerbate coastal flooding and high-water
levels during storms.

Attribution studies on tropical and extratropical cyclones have
generated mixed results. Many early studies performed using the
risk-based approach found no clear evidence that anthropogenic
forcings altered the probability or severity of the cyclones
examined therein."” But more recently, there have been numerous
studies in which researchers have identified a fairly large
anthropogenic “fingerprint” on select storm characteristics. One
such study examined 2015 tropical cyclone activity in the western
North Pacific Ocean—looking specifically at the level of
accumulated  cyclone energy (ACE)—and found that
anthropogenic forcing largely increased the odds of the ACE values
that were observed (FAR =0.81).""

There have also been a number of studies on individual tropical
cyclones. Unsurprisingly, for Hurricane Harvey there have been
several studies focused on the storm’s prodigious rainfall totals,
which reached approximately sixty inches. Risser and Wehner,
using a statistical approach known as extreme value analysis, found
anthropogenic forcing led to 37% more precipitation over land;™
van Oldenborgh et al. 2017 found a 15% increase using a model
and without considering possible changes in atmospheric
dynamics.””  Allowing for dynamical changes in addition to
thermodynamics, Wang et al. 2018 found a ~25% increase.”™ A
recent Trenberth 2018 paper showed large positive upper ocean
heat content anomalies in advance of Harvey. Upper ocean heat
content anomalies are straightforward to link to anthropogenic
warming, in so far as the authors note that ~92% of

192, See, e.g., Frauke Feser et al., Hurricane Gonzalo and Its Extratropical Transition to a
Strong European Storm, in BAMS 2014, supra note 76, at Sb4; Lei Yang et al., Anomalous Tropical
Cyclone Activity in the Western North Pacific in August 2014, in BAMS 2014, supra note 76, at
S124.

193.  Zhang et al., Influences of Natural Variability and Anthropogenic Forcing on the Extreme
2015 Accumulated Cyclone Energy in the Western North Pacific, in BAMS 2015, supra note 76 at
S133.

194. Mark Risser & Michael Wehner, Attributable Human-Induced Changes in the Likelihood
and Magnitude of the Observed Extreme Precipitation During Hurricane Harvey, 44 GEOPHYSICAL
RES. LETTERS 12457, 12457 (2017).

195.  Geert Jan van Oldenborgh, Attribution of Extreme Rainfall from Hurricane Harvey,
August 2017, 12 ENVTL. RES. LETTERS 1, 1 (2017).

196. S. Wang et al., Quantitative Attribution of Climate Effects on Hurricane Harvey’s Extreme
Rainfall in Texas, 13 ENVTL. RES. LETTERS 1, 1(2018).
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anthropogenically induced warming has gone towards heating the
ocean. The authors go on to note that Hurricane Harvey was able
to tap the anomalous heat in the nearby upper ocean, ultimately
converting the energy into extreme rainfall."” While this last paper
is not focused on attribution per se, it is emblematic of how
broader science advances, past and present, help inform
attribution studies—much as attribution studies can advance
broader physical understanding. The Trenberth (2018) paper also
makes a critical point about non-linearity and threshold crossing of
impacts; the authors note that even if precipitation increase with
climate change in a storm like Harvey is only 5-15%, that
incremental increase could conceivably generate the bulk of all
costs. Impacts of hurricane winds have also been shown to increase
non-linearly with stronger winds. In the case of the three major
landfalling 2017 Atlantic hurricanes, costs were hundreds of
billions of dollars.”

In contrast to tropical cyclone findings, few attribution studies to
date have found an anthropogenic signal in extra-tropical cyclones.
One example, Feser et al. (2014), relied on sixty-seven years of
observed data and found a recent storm experiencing extra-tropical
transition was unexceptional in the context of the long-term
observational dataset.””

3. Impact Attribution

Impact attribution focuses on the consequences and outcomes of
climate change. Many of the phenomena discussed above (e.g.,
loss of sea ice, increases in sea levels, and changes in precipitation)
can certainly be described as “impacts” of a changing climate™'—
but, as noted at the outset of this section, for the purposes of this
paper, we use the IPCC ARb definition of “impacts”:

In this report, the term impacts is used primarily to refer to the

197. Kevin Trenberth et al., Hurricane Harvey Links to Ocean Heat Content and Climate
Change Adaptation, 6 EARTH’S FUTURE 730, 730 (2018).

198. Willie Drye, 2017 Hurricane Season Was Most Expensive in U.S. History, NAT'L GEO.
(Nov. 30, 2017).

199. Feser et al., supra note 192, at S54.

200. For example, an “impact” of climate change can be defined as “any change in a
physical, biological, or human system that is driven by a long-term climate trend.” Cynthia
Rosenzweig & Peter Neofotis, Detection and Attribution of Anthropogenic Climate Change Impacts,
4 WIRES CLIMATE CHANGE 121, 121 (2013).
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effects on natural and human systems of extreme weather and climate
events and of climate change. Impacts generally refer to effects on
lives, livelihoods, health, ecosystems, economies, societies, cultures,
services and infrastructure due to the interaction of climate changes
or hazardous climate events occurring within a specific time period
and the vulnerability of an exposed society or system. Impacts are
also referred to as consequences and outcomes. The impacts of
climate change on geophysical systems, including floods, droughts
and sea level rise, are a subset of impacts called physical impacts.™

Impact attribution gets closer to what people really care about in
the liability and policy context, and, in particular, the question of
who will be harmed by climate change and to what extent. But
because impact attribution deals with consequences that are farther
along the causal chain, it is harder to issue robust findings about
the connection between anthropogenic influence on climate and
specific on-the-ground impacts.

a. Methods and Parameters

Impact attribution, like climate change attribution, relies on
physical understanding, observational data, statistical analysis, and
models.  However, impact attribution also involves unique
challenges that can make the attribution of impacts more difficult
than the attribution of climate change and extreme weather events.

The most fundamental challenge is that, as research moves
further down the causal chain from human influence on climate
change to discrete impacts on human and natural systems,
researchers must account for an increasing number of non-climate
and exogenous variables which complicate the attribution analysis
(sometimes referred to as “confounding factors”). For example, in
a study seeking to link public health impacts from a heat wave to
anthropogenic forcing, researchers would need to account for land
use decisions, access to cooling, and other adaptations affecting
public health, as well as baseline vulnerability of subsets of the
population to heat impacts (based on factors such as age, pre-
existing health conditions, and outdoor activity) in order to
ascertain the extent to which anthropogenic climate change was
responsible for those impacts.

The relationship between two variables can also be complex and
non-linear. For example, while the relationship between increasing

201. IPCC AR5 SYR, supra note 33, at 124.
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mortality and each additional degree of warming may be well
understood at moderately high temperatures, there may be limited
knowledge, or observational basis, of just how steeply mortality may
rise with temperature once extreme temperatures occur.”
Furthermore, there is typically not a linear cause-and-effect
relationship, but rather there is an interconnected web of variables
where a change in any one variable can create cascading effects and
feedback loops. As one example, it has been argued that
anthropogenically-enhanced droughts in agricultural breadbaskets,
such as Russia in 2010,” had cascading impacts on grain prices that
disproportionately affected food insecure populations around the
globe, ultimately contributing both to malnutrition and civil unrest
in regions far away from the original extreme climate event.™”
Researchers must also account for internal system dynamics in
impact attribution studies. For example, a study of how a species’
population was impacted by anthropogenic forcing might need to
consider the amplitude of long-term population variability due to
natural cycles of predator-prey interactions that could in principle
be independent of climate. For many systems, and places,
standardized long term data sets simply are not available.
Furthermore, establishing causation, as opposed to simply
observing correlation, can present another challenge, especially for
impacts systems where robust models do not exist that allow for
simulation of counterfactual worlds, i.e. realizations other than the
single realization actually experienced in the real world. In the
absence of long-term impact datasets and strong impact models,
attribution impact researchers have had to make assumptions. For
example, across many impact sectors, shortterm weather
fluctuations that happened to align with the time period when
impacts data were available have been used to estimate sensitivity to
climate change,” or impacts of earlier events for which data was

202. Ebi et al., supra note 123, at 085004-3.

203. Rahmstorf & Coumou, supra note 110.

204.  See Troy Sternberg, Chinese Drought, Bread and the Arab Spring, 34 APPLIED
GEOGRAPHY 519 (2012).

205.  See Oliver Deschénes & Michael Greenstone, The Economic Impacts of Climate Change:
Evidence from Agricultural Output and Random Fluctuations in Weather, 102 AM. ECON. REV. 3761
(2012); Oliver Deschénes & Michael Greenstone, Climate Change, Mortality, and Adaptation:
Lvidence from Annual Fluctuations in Weather in the US, 3 AM. ECON. J.: APPLIED ECON. 152
(2011).
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not available.”"*” This may be problematic, either because long-

term responses inherently differ from short-term responses, or
because of changes in the various state variables over time (e.g.,
long term changes in confounding factors like technological
innovation or population change) 0

Treatment of antecedent climate conditions not being included
in the formal attribution analysis requires care as well. For
example, a study of flooding damages along a river due to a specific
heavy rain event might have to consider how prior
meteorological/climate conditions impacted soil moisture, water
levels, and even vegetation, as these prior conditions would affect
flood extent and damage.

Finally, some of the challenges discussed in the extreme events
section apply here as well. For example, the spatial and temporal
scale of an impact—and the driving extreme event—may be too
fine to capture with existing models. In these instances, large
natural variability relative to any anthropogenic signal, absence of
representative local data, and the aforementioned modeling
challenges may hinder impact attribution.

There are a variety of approaches taken in impact attribution
studies. Roughly speaking, most impact attribution studies can be
characterized as either “single-step” or “multi-step” studies (also
known as “direct” and “joint” attribution, respectively). The single-
step studies focus on the relationship between impacts and
observed changes in mean climate variables or extremes, without
going so far as to draw a complete causal connection from the
impact to anthropogenic influence on climate. This is similar to
the approach taken in the IPCC reports: impacts are discussed in
the WGII report but are generally not explicitly linked to human
forcings. One key idea underpinning this approach is that human

206. Maximilian Auffhammer et al., Integrated Model Shows that Atmospheric Brown Clouds
and Greenhouse Gases Have Reduced Rice Harvests in India, 103 PROC. NAT’L ACAD. SCI. 19668,
19670 (2006).

207. To be sure, there are some examples of studies where long-term impact data
enabled assessment of long-term changes in impacts. See Kristie L. Ebi et al., Detecting and
Attributing Health Burdens to Climate Change, 125. ENVTL. HEALTH PERSP. 085004-1, 085004-2
(2017) (noting a 2014 study by Bennett et al. on temperature-related mortality in Australia
from 1968 to 2007. Charmian Bennett et al. Shifts in the Seasonal Distribution of Deaths in
Australia, 1968-2007, 58 INT’L J. BIOMETEOROLOGY 835 (2014)).

208. Ebi 2017 provide a strong example: “on a time scale of decades, local food
production may shift successfully to new heat-tolerant technologies or be abandoned
altogether.” Ebi et al, supra note 207, at 085004-2 (internal citations omitted).
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influence is a primary driver of climate change, so we can infer that
many of the impacts where attribution is well advanced are
ultimately caused by anthropogenic climate change—especially
those linked to climate variable, like mean temperature at a
continental scale. This approach has the advantage of simplicity,
but can only generate robust, quantitative findings where the
impact attribution study can be linked to one or more external
studies of an appropriate scale and scope, which establish the role
of human influence in the change in climate variable giving rise to
the impact. In the absence of such studies, scientists may be able to
infer that an impact was “caused” by climate change, but they will
not be able to isolate the proportional contribution of human
influence on that impact. Due to this limitation, many single-step
attribution studies tend to communicate results in a conservative
fashion, focusing on whether there is any human influence on a
particular impact rather than quantifying the magnitude of the
influence.™

The multi-step or “joint” impact attribution studies, which are
less common, involve at least two attribution steps: first, linking a
change in a mean climate variable or extreme to anthropogenic
influence and second, linking impacts to that change.”" For
example, a study could link mortality to temperature increases, and
then link temperature increases to greenhouse gas emissions. This
second approach is sometimes referred to as “end-to-end”
attribution.”’ The multi-step approach is preferable in principle,
but in practice the complexity of multi-step attribution analysis,
with its potential for cascading uncertainty, can lead to weak
and/or heavily-caveated attribution statements.

A distinction can also be drawn between impact attribution
studies that contain quantitative analysis of impacts, and impact
attribution studies which only contain a qualitative description of
impacts. In quantitative studies, the analysis often mirrors that of
extreme event studies—the emphasis being on determining the
extent to which climate change increased the risk of certain
impacts. Quantitative impact assessments do not always rely on

209. IPCC AR5 WGI, supranote 25, at 878.

210. For a more detailed explanation of these two approaches, see Ddithi Stone et al., The
Challenge to Delect and Attribute Effects of Climate Change on Human and Natural Systems, 121
CLIMATIC CHANGE 381, 390-91 (2013).

211.  See, e.g,, Cynthia Rosenzweig et al., Aitributing Physical and Biological Impacts to
Anthropogenic Climate Change 453 NATURE 353, 354 (2008).
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models—sometimes they rely on more simple methods, like
extrapolation of observations or historical statistical relationships to
estimate impacts such as changes in crop yield. In the qualitative
studies, scientists will look at a change like increases in surface
temperature, attribute those changes to anthropogenic influence,
and then simply describe how the change in the climate variable
affected other variables.”® The advantage of the qualitative
approach is that it can provide useful insights into the nature of
possible climate change impacts that have not received a great deal
of scientific or public attention to date.”” But the qualitative
approach would not be as effective at supporting certain
applications, such as liability claims, precisely because it does not
generate quantitative data.

b. Status of Research

The WGII report for AR5 found strong evidence that “changes in
climate have caused impacts on natural and human systems on all
continents and across all oceans” in recent decades.”* However, it
also found that evidence of climate-change impacts was “strongest
and most comprehensive” for natural systems, whereas evidence
linking impacts on human systems to climate change was more
limited.”” Most of the attribution findings in the WGII report are
the product of “single-step attribution” although the report does
cite to some studies that have conducted multi-step attribution. In
recent years, the BAMS reports have also been expanded to
encompass impacts attribution in addition to extreme event
attribution, and most of the studies in those reports employ single-
step attribution.” Two key areas of focus in impact attribution
studies include the Arctic and the oceans, where changes are
occurring more rapidly and impacts are therefore more apparent.

212.  See, e.g., Michael Jacox et al., Forcing of Multiyear Extreme Ocean Temperatures that
Impacted California Current Living Marine Resources in 2016, in BAMS 2016, supra note 76, at
S27.

213. BAMS annual extreme event attribution reports, for example, are increasingly
weighing in on impacts afler assessing whether the extreme event can be linked to
anthropogenic forcing. The majority of the papers address the link between the impact and
the extreme event in a qualitative way, with a few exceptions.

214. IPCC AR5 WGII, Summary for Policymakers, supra note 20, at 4.

215. Id.

216. Herring et al., supra note 151, at S3. As noted earlier, in the BAMS reports, the
single-step tends to be the link between anthropogenic warming and climate or extreme
events, with the link to impacts treated less rigorously.
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Impacts from extreme events, particularly heat waves, are also a
major focus of impact attribution studies.

i. Ecosystems, Species, and Ecological Indicators

Much of the existing impact attribution research focuses on
ecological impacts, seeking to understand how climate change is
affecting individual species, ecosystems, and ecological functioning.
The focus of such studies is on natural systems, but there are clear
implications for human systems, insofar as we rely on natural
systems, such as fisheries, for food as well as other ecosystem
services, such as water and air filtration. There is robust evidence
of impacts in this category. In particular, IPCC AR5 found with
high confidence that “[m]any terrestrial, freshwater, and marine
species have shifted their geographic ranges, seasonal activities,
migration patterns, and abundances, and species interactions in
response to ongoing climate change.”” IPCC AR5 also expressed
high confidence in findings that several recent species extinctions can
be attributed to climate change,” and wery high confidence that
climate-related extremes such as heat waves, droughts, floods, and
cyclones were altering ecosystems.”’ IPCC AR5 expressed high and
medium confidence about a number of other region-specific impacts,
such as changes in the timing of critical biological events, increased
tree mortality, pest outbreaks, and other ecosystem disturbances.*

There are many examples of both single-step and multi-step
attribution of ecological impacts. Most of the multi-step studies

focus on the impact of increasing temperatures on biological
221

systems.” In one of the earliest and most comprehensive meta-
analyses, Rosenzweig et al. 2008 conducted a broad assessment of
observed changes in natural systems. ™  The researchers

demonstrated that: (i) regional climate changes were caused by
human forcing, and (ii) observed changes in natural systems were

217. IPCC AR5 WGII, Summary for Policymakers, supra note 18, at 4. Note the absence,
though, of direct attribution of the climate change to anthropogenic forcing, rather than
other possible factors, like natural variability.

218. Id.

219. Id. at6.

220. IPCC AR5 WGII, Technical Summary, supra note 18, at 44-46.

221.  See, e.g., Terry Root et al., Human-Modified Temperatures Induce Species Changes: Joint
Attribution, 102 PROC. NAT'L ACAD. SCI. 7465 (2005); Ebi et al., supra note 207.

222.  Cynthia Rosenzweig et al., Attributing Physical and Biological Impacts to Anthropogenic
Climate Change, 453 NATURE 353, 354 (2008).
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consistent with the estimated responses of physical and biological
systems to regional climate change and not consistent with
alternative explanations that exclude regional climate change.
Specifically, they found that approximately 95% of 829
documented physical changes (e.g., glacier reduction and earlier
spring peak of river discharge) and that 90% of 28,800
documented changes in biological systems (e.g., earlier blooming)
were in directions consistent with warming.” The researchers
endeavored to explicitly account for confounding variables such as
land use change, management practices, pollution and human
demography shifts.

Many other impact studies have been conducted since 2008 to
improve understanding of exactly how climate change is affecting
biological systems. The 2016 BAMS report contained several
examples of such studies, including three studies finding that
increases in sea surface and ocean temperatures were harming
ocean ecosystems through impacts such as coral reef bleaching and
reduced fish stocks,” and a study on terrestrial impacts which
found that anthropogenic influence on climate change was actually
driving higher ecosystem productivity on the Iberian Peninsula
through warmer winters coupled with wet springs and increases in
CO, availability.” These studies exemplified the diversity of
approaches in impact attribution: one of the marine studies
focused on the role of anthropogenic forcing in causing ocean
temperatures that had resulted in certain ecological impacts
without taking a detailed look at the impacts themselves;™ another
focused on the extent to which coral reef and seabird communities
were disrupted by record-setting sea surface temperatures and
made an “indirect two-step link to human-induced climate change”
by referencing findings from a companion paper attributing the
record-setting temperatures to anthropogenic forcing;* and the

223.  Id.  While those key findings were presented in quantitative terms, each
documented change was handled in a qualitative way (looking at direction of change and
not amount changed).

224. Sophie C. Lewis & Jennie Mallela, A Multifactor Risk Analysis of the Record 2016 Great
Barrier Reef Bleaching, in BAMS 2016, supra note 76, at S144; Jacox et al., supra note 212;
Russel E. Brainard et al., Ecological Impacts of the 2015/16 El Nifio in the Central Equatorial
Pacific, in BAMS 2016, supra note 76, at S21.

225. Sippel et al., supra note 111, at S80.

226. Jacox et al., supra note 212.

227. Stott et al., Future Changes in Event Attribution Methodologies, in BAMS 2016, supra note
76, at S156 (referencing Brainard et al., supra note 224).
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third was a multi-step attribution study in which scientists attributed
abnormally warm SST to anthropogenic forcing and then
qualitatively examined the respective role of the abnormally warm
SST on coral bleaching.” The multi-step attribution study of the
Iberian Peninsula was noteworthy for the complexity of the model
design, which included counterfactual simulations for both the
climate model and the ecosystem model. The experimental design
supported attribution of ecosystem impacts not only to observed
changes in climate associated with anthropogenic forcing, but also
to direct impacts of higher CO, concentrations on vegetation.™

As evident from these and other studies, impacts on marine
ecosystems are a key topic in impact attribution. One reason for
this is ocean temperatures are rising quickly in many regions
relative to natural variability (indicating a high signal to noise
ratio).”™ Not coincidentally, the impacts on marine resources are
more evident, in some cases, than terrestrial impacts, as more and
more species and ecosystems approach climate thresholds that may
not have occurred during their evolutionary history. The effect of
climate change on fishery productivity is also a major concern
throughout the world and a key focus of many studies.™

ii. Inland Flooding and Hydrologic Impacts

A fair amount of research has also been conducted on the
impacts of climate change on inland or riverine floods, hydrologic
droughts, and changes in streamflow. Above, we discuss
meteorological droughts as a type of extreme climate event—
hydrologic droughts are more properly classified as “impacts” of
climate change because there are so many confounding factors that
affect their characteristics. The same can be said for floods. While
these are often discussed as “extreme events” in common parlance,
they are more properly classified as impacts of climate change due
to the number of non-climate related confounding factors that

228. Lewis & Mallela, supra note 224.

229. Sippel et al., supra note 111.

230. Thomas Frolicher, et al., Marine Heatwaves Under Global Warming, 560 NATURE 360,
360 (2018).

231.  See, eg., NAT’L OCEANIC AND ATMOSPHERIC ADMIN., WHAT CAUSED THE SACRAMENTO
RIVER FALL CHINOOK STOCK COLLAPSE? (2009); Jonathan A. Hare et al., Cusk (Brosme brosme)
and Climate Change: Assessing the Threat to a Candidate Marine Fish Species Under the US
Endangered Species Act, 69 ICES J. MARINE ScCI. 1753 (2012); Kyle Meng et al., New England Cod
Collapse and the Climate, PLOS ONE, July 27, 2016.
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affect flood characteristics.”™ It is also worth bearing in mind that
floods and other hydrologic impacts can be affected by slow-onset
changes such as temperature increases as well as extreme events.
IPCC AR5 found, with medium confidence, that changes in
precipitation, snow melt, and ice are altering hydrological systems
and affecting water resources (both in terms of quality and
quantity).” However, IPCC AR5 did not find evidence that, on a
global scale, surface water and groundwater drought frequency had
changed in the last few decades,”™ but did discuss research linking
regional drought conditions to climate change.”” IPCC AR5 also
found with wvery high confidence that climate-related extremes were
disrupting water supply.””

Flood attribution studies follow the same pattern as other impact
attribution studies—single-step attribution, as well as storyline
approaches dominate existing studies to date.”” The climate
variables that are most relevant to inland flood impact analysis
include precipitation, storms, and temperature (which can cause
flooding through, e.g., snowmelt and permafrost thawing). Some
multi-step analyses have also been performed for hydrologic
droughts and other hydrologic impacts.”” For example, a 2008
study of human-induced changes in the hydrology of the western
United States found that up to 60% of the climate-related trends in
river flow, winter air temperature, and snow pack between 1950
and 1999 were human-induced.”

232.  These include, for example, geography, topography, hydrology, water
infrastructure, land use decisions, and building design. Note though that precipitation
associated with a flood would be treated as an “extreme event” under our nomenclature.

233. IPCC AR5 WGII, supra note 18, at 44.

234. Id.

235.  See, e.g., id. (expressing medium confidence that climate change had increased soil
moisture drought in the Sahel since 1970).

236. Id. at6.

237.  See, e.g., Trenberth et al., supra note 125.

238.  See, e.g., Sebastian Sippel & Friederike E. L. Otto, Beyond Climatological Extremes—
Assessing how the Odds of Hydrometeorological Extreme Events in South-East Europe Change in a
Warming Climate, 125 CLIMATIC CHANGE 381 (2014); Pardeep Pall et al., Anthropogenic
Greenhouse Gas Contribution to Flood Risk in England and Wales in Autumn 2000, 470 NATURE
382 (2011); Geert Jan van Oldenborgh et al., The Absence of a Role of Climate Change in the 2011
Thailand Floods, in EXPLAINING EXTREME EVENTS OF 2011 FROM A CLIMATE PERSPECTIVE 1047
[hereinafter BAMS 2011] (2012).

239. Tim Barnett et al., Human-Induced Changes in the Hydrology of the Western United States,
319 SCIENCE 1080, 1080 (2008).
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iii. Coastal Impacts

Climate change is affecting coastlines through sea level rise,
changes in the severity and frequency of storms and extreme
rainfall events, temperature changes (particularly marine
temperatures), and ocean acidification. IPCC AR5 found that
many coastal areas are already experiencing adverse impacts such
as submergence, coastal flooding, coastal erosion, and saltwater
intrusion, all of which are exacerbated by sea level rise, but found
also that the impacts of anthropogenic climate change on
coastlines are difficult to tease apart from human-related drivers
such as land use change and in situ adaptations such as sea walls.™
Studies attributing coastal impacts to anthropogenic influence on
climate may focus exclusively on physical impacts or may seek to
link physical impacts to economic or public health outcomes.

Findings from recent coastal impact studies suggest that some
coastal areas are already undergoing dramatic transformations
driven primarily by sea level rise. For example, one single-step
study of flooding in Southeast Florida focused on the role of sea
level rise in monthly high tides and found that the probability of a
0.57-meter tidal flood within the Miami region had increased by
more than 500% since 1994 due to a 10.9-centimeter increase in
sea levels.” The findings from this study are compelling—indeed
both the link between 1) anthropogenic warming and sea level rise
and 2) sea level rise and the frequency of coastal flooding are two
of the most robust aspects of climate change. Nevertheless, this
and similar studies are limited insofar as they do not quantify the
anthropogenic influence on the observed changes in sea level rise
and corresponding impact on floods, nor do they speak to specific
impacts on human systems (e.g., economic damages or public
health outcomes).

iv. Wildfires

Climate change primarily exacerbates wildfire risk through
hotter and drier conditions. Perhaps counterintuitively, in water-
limited regions, an unusually wet growing season, during which
time more vegetation grows which can later become fuel, can set

240. IPCC AR5 WGII, supra note 18, at 364.
241. William V. Sweet et al., In Tide’s Way: Southeast Florida’s September 2015 Sunny-day
Flood, in BAMS 2015, supra note 76, at S25.
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the stage for a large fire season once the vegetation dries out.
Winds, atmospheric humidity, solar radiation, and lightning strikes
also influence fire risk. While wildfires are sometimes
characterized as “extreme events” related to climate change, they
are far from purely meteorological events; rather, they are a
product of both climatological and terrestrial conditions. For
example, the expansion of human development and electrical
systems into previously-remote forest zones leads to an increase in
ignition, and forest management and fire suppression decisions
affect fire frequency and intensity.242 As such, the link between
climate change and wildfires is less direct than the link between
climate change and events such as heat waves. IPCC ARb5 expressed
medium and low confidence in various studies linking increases in the
severity or frequency of wildfires to climate change,” with the
higher confidence for wildfires in data-rich North America.
Research performed since then has generated more robust
evidence of a link between anthropogenic climate change and
wildfires in North America and Australia.”

One of the earliest studies on this topic, published in 2004, found
that human-induced climate change had a detectable influence on
Canadian forest fires in recent decades™ A 2016 end-to-end study
on wildfires in the western United States found that, while there
were numerous factors that aided the recent rise in fire activity,
observed warming and drying had significantly increased fuel
aridity during the fire season, fostering a more favorable
environment for wildfires.” They found that anthropogenic
climate change caused over half of the documented increases in
fuel aridity since the 1970s and doubled the cumulative forest fire

242.  A. Park Williams et al., Observed Impacts of Anthropogenic Climate Change on Wildfire in
California, 7 EARTH’S FUTURE 892, 892 (2019) (recognizing that the effects of climate change
on wildfire can vary greatly across space and time due to confounding factors such as fire
suppression and ignitions from humans).

243.  See, e.g., IPCC AR5 WGII, supra note 18, at 44 (low confidence that climate change had
increased wildfires on Mt. Kilamanjaro); id. at 45 (medium confidence that climate change
increased wildfire frequency in subarctic conifer forests and tundra, and medium confidence
that climate change increased wildfire activity, fire frequency, and duration in forests of
Western U.S. and boreal forests in Canada).

244. NCA4, supranote 7, at 242-245.

245. N.P. Gillett et al., Detecting the Effect of Climate Change on Canadian Forest Fires, 31
GEOPHYSICAL RES. LETTERS 1, 1 (2004).

246. John Abatxoglou & A. Park Williams, Impact of Anthropogenic Climate Change on
Wildfire Across Western US Forests, 113 PROC. NAT'L ACAD. SCL. 11770, 11770 (2016).
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area since 1984.*" The same researchers published a subsequent

study focused on California which found that human-induced
warming had already significantly enhanced wildfire activity in the
state, particularly in the forests of the Sierra Nevada and North
Coast.”™™ Another end-to-end study focusing on the role of extreme
vapor pressure deficits (VPD) in wildfire risk found that
anthropogenic influences quintupled the risk of extreme VPD for
western North America and had doubled the risk of extreme VPD
in extratropical Australia.”

Again, the findings from these studies are compelling, but like
many impact studies, they rely on proxies for wildfire risk such as
fuel aridity in order to attribute impacts. Further studies can help
continue to provide answers to help quantify the extent to which
anthropogenic climate change has caused an increase in wildfires
as compared with other confounding factors such as fire
suppression and development in wildfire-prone areas.

v. Air pollution

There have been relatively few attribution studies of air pollution.
Vautard 2018 looked indirectly at air pollution in Europe.”™ Rather
than modeling actual air pollution, they modeled changes in the
occurrence of “flow analogues” (i.e. wind and air pressure patterns
associated with observed historical pollution events), finding that
anthropogenic forcing had produced a 10% increase in the
frequency of such events. As climate models become more able to
model air pollution directly, and as awareness grows of how
harmful fire and directly anthropogenic sources of air pollution
(e.g., factories and vehicle emissions) are, we may see more
attribution work on air pollution. Such studies will have to address
the correlation between climate and air pollution, which differs by
region, season, and type of pollutant.

247. Id.

248.  A. Park Williams et al., supra note 242, at 892 (more specifically, the authors found
that anthropogenic climate change had contributed to an eightfold increase in summertime
forest-fire area, which in turn had contributed to a fivefold increase in California’s annual
wildfire extent).

249. Simon F.B. Tett et al., Anthropogenic Forcings and Associated Changes in Fire Risk in
Western North America and Australia During 2015/16, in BAMS 2016, supra note 76, at S60-64.

250.  See Robert Vautard et al., Attribution of wintertime anticyclonic stagnation contributing to
air pollution in Western Europe, in BAMS 2016, supra note 76, at S70-75.
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vi. Public Health

Public health impacts are another important topic in attribution
research. Here, again, many studies focus on how extreme heat
affects health because the link between climate change and
extreme heat is relatively direct. There has been much discussion
of how other climate-related events and impacts, such as floods and
wildfires, can affect public health, but there is little research linking
anthropogenic forcings to health impacts from those types of
events in a robust, quantitative fashion. As noted in IPCC AR5,
evidence of impacts on public health is not as robust as evidence of
other impacts, and “[a]t present the worldwide burden of human
ill-health from climate change is relatively small compared with
effects of other stressors and is not well quantified.”" However,
IPCC AR5 did find more robust evidence of specific types of health
impacts, expressing medium confidence in findings of increased heat-
related mortality and decreased cold-related mortality in some
regions as a result of warming, medium confidence that local changes
in temperature and rainfall have altered the distribution of some
water-borne illnesses and disease vectors,”™ and very high confidence
that climate-related extremes were affecting morbidity, mortality,
mental health, and human well-being.””

Attribution of public health impacts, like other impacts, is
challenging due to data requirements and the complexity of
isolating causal factors that contribute to health outcomes. As
noted by Ebi et al. 2017, robust detection and attribution of health
impacts requires reliable long-term datasets, in-depth knowledge of
the many drivers and confounding factors that affect public health
outcomes, and refinement of analytic techniques to better capture
the effect of anthropogenic forcing on health outcomes.”™ Two key
challenges are the fact that high-quality, long-term public health
data is not available for many parts of the world, and there are
many confounding factors that influence public health outcomes in
any given region.

Despite the limitations, Ebi et al. 2017 found that “advances are
possible in the absence of complete data and statistical certainty:
there is a place for well-informed judgments, based on

251. IPCC AR5 WGII, Summary for Policymakers, supra note 18, at 6.
252, Id.

253. Id.

254. Ebi etal., supranote 207, at 085004-1.
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understanding of underlying processes and matching of patterns of
health, climate, and other determinants of human well—being.”255
To illustrate this point, the researchers discuss several contexts in
which it is possible to show that a “proportion of the current
burden of climate-sensitive health outcomes can be attributed to
climate change”: (i) heat waves, (ii) the emergence of tick vectors
of Lyme disease in Canada, and (iii) the emergence of Vibrio in
northern Europe. For heat waves, the researchers described several
approaches for estimating the number of heat wave deaths
attributable to anthropogenic climate change. These included two
variants on multi-step attribution that would combine either the
risk-based or storyline approach to extreme event attribution with
an assessment of how changes in exposure to heat waves affect
mortality, as well as a single-step attribution approach which would
combine observations of the changes in the incidence and severity
of heat waves with the exposure analysis. For Vibrio, the researchers
found that it was possible to attribute increases in the incidence of
Vibrio to incremental increases in sea surface temperatures, which
could then be attributed to climate change. For tick vectors and
Lyme disease, the researchers found that there was indirect
evidence that higher temperatures were one of the forces leading
to the expansion of these vectors, but that more detailed analyses
of longer-term surveillance data was needed to actually quantify the
relationship between climate change and tick vectors. One key
takeaway from the authors of that study was that there are many
different approaches to health impact attribution but no standard
practice at this time.

Single-step attribution is still routinely used in health impact
assessments. Omne such study looked at heatrelated mortality in
Sweden and found that mortality from heat extremes in 1980-2009
was double what would have occurred without climate change.™
As noted, the key limitation to these studies is that they do not
answer the question of how anthropogenic climate change is affecting
public health.

255, Id.

256. Daniel Oudin Astréom et al., Attributing Mortality from Extreme Temperatures to Climate
Change in Stockholm, Sweden, 3 NATURE CLIMATE CHANGE 1050, 1051. (2013). The researchers
accounted for confounding variables such as urbanization and the urban heat island effect,
but did not attempt to quantify human influence on observed increases in extreme heat
events.
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The first fully quantitative end-to-end attribution analysis of heat-
related morality from climate change was published in 2016.*" This
study combined a climate model with a health impact assessment
model to attribute deaths from the 2003 European heat wave and
found that anthropogenic climate change increased the risk of
heatrelated mortality by approximately 70% in Central Paris and
20% in London, and that approximately 506 (+ 51) deaths were
attributable to climate change in Paris, and 64 (+ 3) deaths were
attributable in London.™

Where data on public health outcomes is lacking, researchers
may use changes in climate variables as proxies for health impacts.
For example, a study on public health impacts from extreme
temperatures in California’s Central Valley used a temperature
threshold of 40°C as a proxy for heat stress, and found that
anthropogenic forcing had more than doubled the probability of a
prolonged period (13+ days) during which temperatures exceeded
that threshold).” Another study took a similar approach to
examining health impacts from the 2015 Egyptian heat wave, using
wet bulb globe temperature as a proxy for human discomfort
caused by high heat and humidity, and found that the wet bulb
temperatures observed during the heat wave were 69% more likely
due to anthropogenic climate change.” This indirect approach to
impact attribution is essentially the same as extreme event
attribution but with a greater focus on implications for health
outcomes. By construction, such studies assume a fixed
relationship between the climate or climate extreme metric being
calculated (e.g., a wet bulb temperature threshold) and the societal
impact (additional mortality). This fixed approach may limit the
applicability of the findings across places, subpopulations, and
adaptation/policy contexts.

vii. Agriculture

Agricultural impacts, like public health impacts, are challenging
to attribute to anthropogenic climate change due to gaps in data

257.  Daniel Mitchell et al., Attributing Human Mortality During Extreme Heat Waves to
Anthropogenic Climate Change 11 ENVTL. RES. LETTERS 1, 1 (2016).

258. Id.

259. Roberto Mera et al., Climate Justice and the Application of Probabilistic Event Attribution
to Summer Heat Extremes in the California Central Valley, 133 CLIMATIC CHANGE 427, 435 (2015).

260. Daniel Mitchell, Human Influences on Heat-Related Health Indicators During the 2015
Egyptian Heat Wave, in BAMS 2015, supra note 76, at S72.
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and the number of confounding factors that influence agricultural
productivity.*" One important finding from the research thus far is
that climate change is having both positive and negative effects on
agriculture depending on the region examined. Based on multiple
studies covering a wide range of regions and crops, IPCC AR5
found with high confidence that “negative impacts of climate change
on crop yields have been more common than positive impacts.””
IPCC AR5 also found with very high confidence that climate-related
extremes were disrupting the food supply.™

Attribution studies on agricultural impacts focus on linking
observed changes in crop productivity to observed changes in
temperature, rainfall, atmospheric greenhouse gas concentrations,
and extreme events. Some of the earliest studies on this topic
demonstrated that declining crop yields co-occurred with
anthropogenic summer warming at regional scales.”” A more
recent end-to-end study on how anthropogenic climate change
affected drought and poor harvests in South Africa during 2016
found that anthropogenic forcings had likely contributed to a
decrease in rainfall corresponding with a decrease in production,
but did not go so far as to quantify precise impacts on crop
productivity or economic damages.*”

viii. Economics and Development

All of the changes in weather, extreme events, and impacts
caused by climate change have implications for the economic

261. Agriculture and ecosystems are directly impacted by CO, concentrations. There is
also growing research on how other pollutants associated with anthropogenic emissions (or
byproducts of those emissions), like low-level ozone, may impact crops, ecosystems, and
human health. For example, one recent study found a 10% decrease in soy production
associated with and elevated ozone concentrations linked to anthropogenic ozone
precursors. The fact that these chemical reactions are highly sensitive to temperature and
other climate factors points at the challenges of quantifying results. Wolfgang Cramer et al.,
Detection and Attribution of Observed Impacts, in CLIMATE CHANGE 2014: IMPACTS, ADAPTATION
979-1037 (Christopher B. Fields et al eds., 2014).
and Vulnerability

262. IPCC AR5 WGII, Summary for Policymakers, supra note 18, at 4.

263. Id. at 6.

264. See David B. Lobell & Christopher B. Field, Global Scale Climate-Crop Yield Relationships
and the Impacts of Recent Warming, 2 ENVTL. RES. LETTERS 1, 1 (2007); Lianzhi You et al., Impact
of Growing Season Temperature on Wheat Productivity in China, 149 AGRIC. FOREST METEOROLOGY
1009, 1009 (2007); David B. Lobell et al., Climate Trends and Global Crop Production Since 1980,
333 SCIENCE 616, 616 (2011).

265. Chris Funk et al., supra note 177, at S91.
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health, stability, and social development of communities and
nations. The primary drivers of these economic and development
impacts include: 1) physical impacts on infrastructure and human
settlements (e.g., from sea level rise and storms); 2) impacts on
public health and human productivity; and 3) impacts on food
production.™ Quantifying these impacts 1is particularly
challenging, as this requires quantification of all the different types
of impacts discussed above, and more. But some initial efforts have
been made to do so. IPCC ARbH highlighted several examples of
studies drawing a qualitative link between observed climate changes
and/or impacts and the corresponding effect on regional or
national economic outcomes. For example, IPCC expressed high
confidence in the fact that “extreme weather events currently have
significant impacts in multiple economic sectors” in Europe.*”
IPCC ARb also cited some specific examples of economic and social
impacts from climate-related events, such as the 2008 Zambezi
River flooding in Mozambique which displaced 90,000 people.™
IPCC also highlighted research linking higher temperatures to
declines in economic growth and per capita income in low-income
countries,” and linking declining rainfall to the slower growth of
Sub-Saharan economies,”” but this research did not address the
extent to which anthropogenic influence was responsible for
observed impacts.

4. Source Attribution

We use the term “source attribution” in this paper to describe
efforts to identify and attribute climate change to specific sources.
A “source” could be a particular actor (e.g., a country or a
company), a sector, or an activity. As one step in the longer chain

266. For example, the 2017 and 2018 wildfires in California caused billions of dollars of
damage. Facing the prospect of liability for many of those fires, Pacific Gas and Electric
(PG&E), one of the largest utilities in the United States, has filed for bankruptcy. While
there has not yet been a formal attribution study establishing the causal link between
anthropogenic climate change and those fires, initial analyses suggest that unusually warm
temperatures did play a role. Kurtis Alexander, Scientists See Fingerprints of Climate Change All
Over California’s Wildfires, S.F. CHRON (Aug. 3, 2018), https://www.sfchronicle.com/
science/article/Scientists-see-fingerprints-of-climate-change-all-13128585.php.
[https://perma.cc/ TUK4-TMW6].

267. IPCC AR5 WGII, supra note 18, at 42.

268. Id.

269. Id. at 997.

270. Id.
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to source attribution, we include efforts to unpack the relative
contributions of different sources to greenhouse gas emissions and
concentrations. As noted above, source attribution has been, and
remains, a distinct discipline from what is commonly labeled
“detection and attribution” in the climate science community.”
However, the distinction is beginning to blur, as recent studies have
endeavored to apply climate change and extreme event attribution
to individual sources. This research is thus a critically important
data point for societal questions about how we should allocate
responsibility for climate change and its impacts among different
actors—and these questions are at the heart of many policy,
planning, and legal debates.

a. Methods and Parameters

As discussed above, the key sources of data used in source
attribution come from direct measurements of emissions, which
can be performed in situ or remotely from satellites, as well as
documentary evidence of emissions contained in corporate
reports,272 government inventories, and other sources. Where
direct emissions data is lacking, scientists can use indirect methods,
such as models, to estimate emissions from sources and activities.
Indirect methods are particularly important for estimating
emissions from land use changes and non-point sources such as
agricultural operations.

As with other areas of attribution, it is challenging to establish a
complete causal chain linking a source’s contribution to climate
change to specific changes in the global climate system and
corresponding impacts on natural and human systems.
Establishing such a causal chain involves going beyond merely
quantifying the emissions contribution of the source and
ascertaining the proportional contribution of those emissions to:
(i) concentrations of greenhouse gases and other forcings, and (ii)
ultimately how those changes in concentrations impact for example
sea level rise, extreme weather events, and the resultant impacts on
ecosystems and/or communities. There are some recent studies
linking specific sources to certain changes in the global climate
system but most of the existing research on “source attribution”

271.  See supra Section II(A) (1).
272. These are most often emissions reports, although some historical emissions have
been estimated based on production reports.
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focuses on quantifying emissions from sources and determining the
proportional contribution to increases in a