About This Report

As a key part of the Fourth National Climate
Assessment (NCA4), the U.S. Global Change
Research Program (USGCRP) oversaw the
production of this stand-alone report of the
state of science relating to climate change and
its physical impacts.

The Climate Science Special Report (CSSR) is
designed to be an authoritative assessment

of the science of climate change, with a focus
on the United States, to serve as the founda-
tion for efforts to assess climate-related risks
and inform decision-making about responses.
In accordance with this purpose, it does not
include an assessment of literature on climate
change mitigation, adaptation, economic valu-
ation, or societal responses, nor does it include
policy recommendations.

As Volume I of NCA4, CSSR serves several
purposes, including providing 1) an updated
detailed analysis of the findings of how cli-
mate change is affecting weather and climate
across the United States; 2) an executive sum-
mary and other CSSR materials that provide
the basis for the discussion of climate science
found in the second volume of the NCA4; and
3) foundational information and projections
for climate change, including extremes, to
improve “end-to-end” consistency in sectoral,
regional, and resilience analyses within the
second volume. CSSR integrates and evaluates
the findings on climate science and discusses
the uncertainties associated with these find-
ings. It analyzes current trends in climate
change, both human-induced and natural,
and projects major trends to the end of this
century. As an assessment and analysis of the
science, this report provides important input
to the development of other parts of NCA4,
and their primary focus on the human wel-
fare, societal, economic, and environmental
elements of climate change.

Much of this report is written at a level more
appropriate for a scientific audience, though
the Executive Summary is intended to be ac-
cessible to a broader audience.

Report Development, Review, and
Approval Process

The National Oceanic and Atmospheric
Administration (NOAA) serves as the ad-
ministrative lead agency for the preparation
of NCA4. The CSSR Federal Science Steering
Committee (SSC)! has representatives from
three agencies (NOAA, the National Aeronau-
tics and Space Administration [NASA], and
the Department of Energy [DOE]); USGCRP;?
and three Coordinating Lead Authors, all of
whom were Federal employees during the
development of this report. Following a public
notice for author nominations in March 2016,
the SSC selected the writing team, consisting
of scientists representing Federal agencies,
national laboratories, universities, and the
private sector. Contributing Authors were
requested to provide special input to the Lead
Authors to help with specific issues of the
assessment.

The first Lead Author Meeting was held in
Washington, DC, in April 2016, to refine the
outline contained in the SSC-endorsed pro-
spectus and to make writing assignments.
Over the course of 18 months before final

! The CSSR SSC was charged with overseeing the development and
production of the report. SSC membership was open to all USGCRP
agencies.

2 The USGCRP is made up of 13 Federal departments and agencies that
carry out research and support the Nation’s response to global change.
The USGCRP is overseen by the Subcommittee on Global Change
Research (SGCR) of the National Science and Technology Council’s
Committee on Environment, Natural Resources, and Sustainability
(CENRS), which in turn is overseen by the White House Office of Sci-
ence and Technology Policy (OSTP). The agencies within USGCRP are
the Department of Agriculture, the Department of Commerce (NOAA),
the Department of Defense, the Department of Energy, the Department
of Health and Human Services, the Department of the Interior, the De-
partment of State, the Department of Transportation, the Environmen-
tal Protection Agency, the National Aeronautics and Space Administra-
tion, the National Science Foundation, the Smithsonian Institution, and
the U.S. Agency for International Development.




publication, seven CSSR drafts were generat-
ed, with each successive iteration—from zero-
to sixth-order drafts—undergoing additional
expert review, as follows: (i) by the writing
team itself (13-20 June 2016); (ii) by the SSC
convened to oversee report development (29
July—18 August 2016); (iii) by the technical
agency representatives (and designees) com-
prising the Subcommittee on Global Change
Research (SGCR, 3-14 October 2016); (iv) by
the SSC and technical liaisons again (5-13
December 2016); (v) by the general public
during the Public Comment Period (15 De-
cember 2016-3 February 2017) and an expert
panel convened by the National Academies of
Sciences, Engineering, and Medicine (NAS, 21
December 2016-13 March 2017);® and (vi) by
the SGCR again (3-24 May 2017) to confirm
the Review Editor conclusions that all public
and NAS comments were adequately ad-
dressed. In October 2016, an 11-member core
writing team was tasked with capturing the
most important CSSR key findings and gener-
ating an Executive Summary. Two additional
Lead Authors Meetings were held after major
review milestones to facilitate chapter team
deliberations and consistency: 2—4 Novem-
ber 2016 (Boulder, CO) and 21-22 April 2017
(Asheville, NC). Literature cutoff dates were
enforced, with all cited material published

by June 2017. The fifth-order draft includ-

ing the Executive Summary was compiled

in June 2017, and submitted to the Office of
Science and Technology Policy (OSTP). OSTP
is responsible for the Federal clearance process
prior to final report production and public
release. This published report represents the
final (sixth-order) draft.

* Author responses to comments submitted as part of the Public Com-
ment Period and a USGCRP response to the review conducted by NAS
can be found on <science2017.globalchange.gov/downloads>.

The Sustained National Climate
Assessment

The Climate Science Special Report has been
developed as part of the USGCRP’s sustained
National Climate Assessment (NCA) process.
This process facilitates continuous and trans-
parent participation of scientists and stake-
holders across regions and sectors, enabling
new information and insights to be assessed
as they emerge. The Climate Science Special
Report is aimed at a comprehensive assess-
ment of the science underlying the changes
occurring in Earth’s climate system, with a
special focus on the United States.

Sources Used in this Report

The findings in this report are based on a large
body of scientific, peer-reviewed research,

as well as a number of other publicly avail-
able sources, including well-established and
carefully evaluated observational and mod-
eling datasets. The team of authors carefully
reviewed these sources to ensure a reliable
assessment of the state of scientific under-
standing. Each source of information was de-
termined to meet the four parts of the quality
assurance guidance provided to authors (fol-
lowing the approach from NCA3): 1) utility,
2) transparency and traceability, 3) objectivity,
and 4) integrity and security. Report authors
assessed and synthesized information from
peer-reviewed journal articles, technical re-
ports produced by Federal agencies, scientific
assessments (such as the rigorously-reviewed
international assessments from the Intergov-
ernmental Panel on Climate Change,' reports
of the National Academy of Sciences and its
associated National Research Council, and
various regional climate impact assessments,
conference proceedings, and government sta-
tistics (such as population census and energy
usage).




Guide to the Report

The following subsections describe the format
of the Climate Science Special Report and the
overall structure and features of the chapters.

Executive Summary

The Executive Summary describes the major
findings from the Climate Science Special
Report. It summarizes the overall findings and
includes some key figures and additional bul-
let points covering overarching and especially
noteworthy conclusions. The Executive Sum-
mary and the majority of the Key Findings

are written to be accessible to a wide range of
audiences.

Chapters

Key Findings and Traceable Accounts

Each topical chapter includes Key Findings,
which are based on the authors’ expert judg-
ment of the synthesis of the assessed litera-
ture. Each Key Finding includes a confidence
statement and, as appropriate, framing of key
scientific uncertainties, so as to better support
assessment of climate-related risks. (See “Doc-
umenting Uncertainty” below).

Each Key Finding is also accompanied by a
Traceable Account that documents the sup-
porting evidence, process, and rationale the
authors used in reaching these conclusions
and provides additional information on
sources of uncertainty through confidence and
likelihood statements. The Traceable Accounts
can be found at the end of each chapter.

Regional Analyses

Throughout the report, the regional analyses
of climate changes for the United States are
structured on 10 different regions as shown
in Figure 1. There are differences from the
regions used in the Third National Climate
Assessment* 1) the Great Plains are split into

the Northern Great Plains and Southern Great
Plains; and 2) The U.S. islands in the Carib-
bean are analyzed as a separate region apart
from the Southeast.

Chapter Text

Each chapter assesses the state of the science
for a particular aspect of the changing cli-
mate. The first chapter gives a summary of the
global changes occurring in the Earth’s cli-
mate system. This is followed in Chapter 2 by
a summary of the scientific basis for climate
change. Chapter 3 gives an overview of the
processes used in the detection and attribution
of climate change and associated studies using
those techniques. Chapter 4 then discusses the
scenarios for greenhouse gases and particles
and the modeling tools used to study future
projections. Chapters 5 through 9 primarily
focus on physical changes in climate occurring
in the United States, including those projected
to occur in the future. Chapter 10 provides

a focus on land use change and associated
feedbacks on climate. Chapter 11 addresses
changes in Alaska in the Arctic, and how the
latter affects the United States. Chapters 12
and 13 discuss key issues connected with sea
level rise and ocean changes, including ocean
acidification, and their potential effects on

the United States. Finally, Chapters 14 and

15 discuss some important perspectives on
how mitigation activities could affect future
changes in climate and provide perspectives
on what surprises could be in store for the
changing climate beyond the analyses already
covered in the rest of the assessment.

Throughout the report, results are presented
in United States customary units (e.g., degrees
Fahrenheit) as well as in the International Sys-
tem of Units (e.g., degrees Celsius).
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Figure 1. Map of the ten regions of the United States used throughout the Climate Science Special Report. Regions
are similar to that used in the Third National Climate Assessment except that 1) the Great Plains are split into the North-
ern Great Plains and Southern Great Plains, and 2) the Caribbean islands have been split from the Southeast region.

(Figure source: adapted from Melillo et al. 2014?).

Reference Time Periods for Graphics

There are many different types of graphics

in the Climate Science Special Report. Some

of the graphs in this report illustrate histor-
ical changes and future trends in climate
compared to some reference period, with

the choice of this period determined by the
purpose of the graph and the availability of
data. The scientific community does not have
a standard set of reference time periods for
assessing the science, and these tend to be cho-
sen differently for different reports and assess-
ments. Some graphics are pulled from other
studies using different time periods.

Where graphs were generated for this report

(those not based largely on prior publications),
they are mostly based on one of two reference

U.S. Global Change Research Program

periods. The 1901-1960 reference period is
particularly used for graphs that illustrate
past changes in climate conditions, whether
in observations or in model simulations. This
60-year time period was also used for analy-
ses in the Third National Climate Assessment
(NCAZ3?). The beginning date was chosen
because earlier historical observations are
generally considered to be less reliable. While
a 30-year base period is often used for climate
analyses, the choice of 1960 as the ending
date of this period was based on past changes
in human influences on the climate system.
Human-induced forcing exhibited a slow rise
during the early part of the last century but
then accelerated after 1960. Thus, these graphs
highlight observed changes in climate during
the period of rapid increase in human-caused
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forcing and also reveal how well climate mod-
els simulate these observed changes.

Thus, a number of the graphs in the report are
able to highlight the recent, more rapid chang-
es relative to the early part of the century (the
reference period) and also reveal how well the
climate models simulate observed changes. In
this report, this time period is used as the base
period in most maps of observed trends and
all time-varying, area-weighted averages that
show both observed and projected quantities.
For the observed trends, 1986-2015 is gener-
ally chosen as the most recent 30-year period
(2016 data was not fully available until late in
our development of the assessment).

The other commonly used reference peri-

od in this report is 1976-2005. The choice

of a 30-year period is chosen to account for
natural variations and to have a reasonable
sampling in order to estimate likelihoods of
trends in extremes. This period is consistent
with the World Meteorological Organization’s
recommendation for climate statistics. This
period is used for graphs that illustrate pro-
jected changes simulated by climate mod-

els. The purpose of these graphs is to show
projected changes compared to a period that
allows stakeholders and decision makers to
base fundamental planning and decisions on
average and extreme climate conditions in a
non-stationary climate; thus, a recent available
30-year period was chosen.’ The year 2005 was
chosen as an end date because the historical
period simulated by the models used in this
assessment ends in that year.

For future projections, 30-year periods are
again used for consistency. Projections are
centered around 2030, 2050, and 2085 with an
interval of plus and minus 15 years (for exam-
ple, results for 2030 cover the period 2015
2045); Most model runs used here only project
out to 2100 for future scenarios, but where

possible, results beyond 2100 are shown. Note
that these time periods are different than those
used in some of the graphics in NCA3. There
are also exceptions for graphics that are based
on existing publications.

For global results that may be dependent

on findings from other assessments (such as
those produced by the Intergovernmental
Panel on Climate Change, or IPCC), and for
other graphics that depend on specific pub-
lished work, the use of other time periods
was also allowed, but an attempt was made
to keep them as similar to the selected periods
as possible. For example, in the discussion of
radiative forcing, the report uses the standard
analyses from IPCC for the industrial era
(1750 to 2011) (following IPCC 2013a'). And,
of course, the paleoclimatic discussion of past
climates goes back much further in time.

Model Results: Past Trends and Projected Futures
The NCAS3 included global modeling results
from both the CMIP3 (Coupled Model Inter-
comparison Project, 3rd phase) models used
in the 2007 international assessment* and the
CMIP5 (Coupled Model Intercomparison Proj-
ect, Phase 5) models used in the more recent
international assessment.! Here, the primary
resource for this assessment is the more recent
global model results and associated down-
scaled products from CMIP5. The CMIP5
models and the associated downscaled prod-
ucts are discussed in Chapter 4: Projections.

Treatment of Uncertainties: Likelihoods,
Confidence, and Risk Framing

Throughout this report’s assessment of the
scientific understanding of climate change,
the authors have assessed to the fullest extent
possible the state-of-the-art understanding

of the science resulting from the information
in the scientific literature to arrive at a series
of findings referred to as Key Findings. The
approach used to represent the extent of un-




derstanding represented in the Key Findings
is done through two metrics:

e Confidence in the validity of a find-
ing based on the type, amount, quality,
strength, and consistency of evidence (such
as mechanistic understanding, theory, data,
models, and expert judgment); the skill,
range, and consistency of model projec-
tions; and the degree of agreement within
the body of literature.

¢ Likelihood, or probability of an effect or
impact occurring, is based on measures
of uncertainty expressed probabilistically
(based on the degree of understanding or
knowledge, e.g., resulting from evaluating
statistical analyses of observations or mod-
el results or on expert judgment).

The terminology used in the report associated
with these metrics is shown in Figure 2. This
language is based on that used in NCA3,? the
IPCC’s Fifth Assessment Report,' and most
recently the USGCRP Climate and Health as-
sessment.” Wherever used, the confidence and
likelihood statements are italicized.

Assessments of confidence in the Key Find-
ings are based on the expert judgment of the
author team. Authors provide supporting
evidence for each of the chapter’s Key Find-
ings in the Traceable Accounts. Confidence is
expressed qualitatively and ranges from low
confidence (inconclusive evidence or disagree-
ment among experts) to very high confidence
(strong evidence and high consensus) (see Fig-
ure 2). Confidence should not be interpreted
probabilistically, as it is distinct from statistical
likelihood. See chapter 1 in IPCC! for further
discussion of this terminology.

In this report, likelihood is the chance of
occurrence of an effect or impact based on
measures of uncertainty expressed probabilis-

tically (based on statistical analysis of observa-
tions or model results or on expert judgment).
The authors used expert judgment based

on the synthesis of the literature assessed to
arrive at an estimation of the likelihood that

a particular observed effect was related to
human contributions to climate change or
that a particular impact will occur within the
range of possible outcomes. Model uncertain-
ty is an important contributor to uncertainty
in climate projections, and includes, but is
not restricted to, the uncertainties introduced
by errors in the model’s representation of

the physical and bio-geochemical processes
affecting the climate system as well as in the
model’s response to external forcing.'

Where it is considered justified to report the
likelihood of particular impacts within the
range of possible outcomes, this report takes

a plain-language approach to expressing the
expert judgment of the chapter team, based
on the best available evidence. For example,
an outcome termed “likely” has at least a 66%
chance of occurring (a likelihood greater than
about 2 of 3 chances); an outcome termed
“very likely,” at least a 90% chance (more than
9 out of 10 chances). See Figure 2 for a com-
plete list of the likelihood terminology used in
this report.

Traceable Accounts for each Key Finding

1) document the process and rationale the
authors used in reaching the conclusions

in their Key Finding, 2) provide additional
information to readers about the quality of
the information used, 3) allow traceability to
resources and data, and 4) describe the level
of likelihood and confidence in the Key Find-
ing. Thus, the Traceable Accounts represent a
synthesis of the chapter author team’s judg-
ment of the validity of findings, as determined
through evaluation of evidence and agree-
ment in the scientific literature. The Traceable
Accounts also identify areas where data are




Likelihood

Virtually Certain

Confidence Level
Very High

Strong evidence (established
theory, multiple sources, consistent
results, well documented and
accepted methods, etc.), high
consensus

99%-100%

Extremely Likely

95%-100%

: Very Likel
Moderate evidence (several sourc- y y

es, some consistency, methods
vary and/or documentation limited,
etc.), medium consensus

90%-100%

Likely

66%—-100%
Suggestive evidence (a few sourc-
es, limited consistency, models
incomplete, methods emerging,
etc.), competing schools of thought

About as Likely as Not
33%-66%

Low

Unlikely

Inconclusive evidence (limited
sources, extrapolations, inconsis-
tent findings, poor documentation
and/or methods not tested, etc.),
disagreement or lack of opinions

among experts

0%-33%

Very Unlikely

0%-10%

Extremely Unlikely

0%—-5%

Exceptionally Unlikely

0%-1%

Figure 2. Confidence levels and likelihood statements used in the report. (Figure source: adapted from USGCRP 20165
and IPCC 2013"; likelihoods use the broader range from the IPCC assessment). As an example, regarding “likely,” a
66%—-100% probability can be interpreted as a likelihood of greater than 2 out of 3 chances for the statement to be
certain or true. Not all likelihoods are used in the report.

limited or emerging. Each Traceable Account
includes 1) a description of the evidence base,
2) major uncertainties, and 3) an assessment of
confidence based on evidence.

All Key Findings include a description of con-
fidence. Where it is considered scientifically
justified to report the likelihood of particular
impacts within the range of possible out-
comes, Key Findings also include a likelihood
designation.

Confidence and likelihood levels are based on
the expert judgment of the author team. They
determined the appropriate level of confi-
dence or likelihood by assessing the available
literature, determining the quality and quan-
tity of available evidence, and evaluating the
level of agreement across different studies.
Often, the underlying studies provided their
own estimates of uncertainty and confidence
intervals. When available, these confidence
intervals were assessed by the authors in



making their own expert judgments. For
specific descriptions of the process by which
the author team came to agreement on the Key
Findings and the assessment of confidence
and likelihood, see the Traceable Accounts in
each chapter.

In addition to the use of systematic language
to convey confidence and likelihood informa-
tion, this report attempts to highlight aspects
of the science that are most relevant for sup-
porting other parts of the Fourth National
Climate Assessment and its analyses of key
societal risks posed by climate change. This
includes attention to trends and changes in the
tails of the probability distribution of future
climate change and its proximate impacts (for
example, on sea level or temperature and pre-
cipitation extremes) and on defining plausible
bounds for the magnitude of future changes,
since many key risks are disproportionate-

ly determined by plausible low-probability,
high-consequence outcomes. Therefore, in
addition to presenting the expert judgment on
the “most likely” range of projected future cli-
mate outcomes, where appropriate, this report
also provides information on the outcomes

lying outside this range, which nevertheless
cannot be ruled out and may therefore be rel-
evant for assessing overall risk. In some cases,
this involves an evaluation of the full range
of information contained in the ensemble of
climate models used for this report, and in
other cases this involves the consideration of
additional lines of scientific evidence beyond
the models.

Complementing this use of risk-focused
language and presentation around specific
scientific findings in the report, Chapter 15:
Potential Surprises provides an overview of
potential low probability /high consequence
“surprises” resulting from climate change.
This includes its analyses of thresholds, also
called tipping points, in the climate system
and the compounding effects of multiple, in-
teracting climate change impacts whose conse-
quences may be much greater than the sum of
the individual impacts. Chapter 15 also high-
lights critical knowledge gaps that determine
the degree to which such high-risk tails and
bounding scenarios can be precisely defined,
including missing processes and feedbacks.
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