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Jasper, New YorkKey Message 1

Mitigation-Related Activities Within the United States
Mitigation-related activities are taking place across the United States at the federal, state, 
and local levels as well as in the private sector. Since the Third National Climate Assessment, 
a growing number of states, cities, and businesses have pursued or deepened initiatives 
aimed at reducing emissions. 

Key Message 2

The Risks of Inaction
In the absence of more significant global mitigation efforts, climate change is projected 
to impose substantial damages on the U.S. economy, human health, and the environment. 
Under scenarios with high emissions and limited or no adaptation, annual losses in some 
sectors are estimated to grow to hundreds of billions of dollars by the end of the century. It 
is very likely that some physical and ecological impacts will be irreversible for thousands of 
years, while others will be permanent.

Key Message 3

Avoided or Reduced Impacts Due to Mitigation
Many climate change impacts and associated economic damages in the United States can 
be substantially reduced over the course of the 21st century through global-scale reductions 
in greenhouse gas emissions, though the magnitude and timing of avoided risks vary by 
sector and region. The effect of near-term emissions mitigation on reducing risks is expected 
to become apparent by mid-century and grow substantially thereafter. 
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Key Message 4

Interactions Between Mitigation and Adaptation
Interactions between mitigation and adaptation are complex and can lead to benefits, 
but they also have the potential for adverse consequences. Adaptation can complement 
mitigation to substantially reduce exposure and vulnerability to climate change in some 
sectors. This complementarity is especially important given that a certain degree of climate 
change due to past and present emissions is unavoidable.

Executive Summary

Current and future emissions of greenhouse 
gases, and thus emission mitigation actions, 
are crucial for determining future risks and 
impacts of climate change to society. The scale 
of risks that can be avoided through mitigation 
actions is influenced by the magnitude of 
emissions reductions, the timing of those 
reductions, and the relative mix of mitigation 
strategies for emissions of long-lived green-
house gases (namely, carbon dioxide), short-
lived greenhouse gases (such as methane), and 
land-based biologic carbon.1 Many actions 
at national, regional, and local scales are 
underway to reduce greenhouse gas emissions, 
including efforts in the private sector. 

Climate change is projected to significantly 
damage human health, the economy, and the 
environment in the United States, particularly 
under a future with high greenhouse gas 
emissions. A collection of frontier research 
initiatives is underway to improve under-
standing and quantification of climate impacts. 
These studies have been designed across 
a variety of sectoral and spatial scales and 
feature the use of internally consistent climate 
and socioeconomic scenarios. Recent findings 
from these multisector modeling frameworks 
demonstrate substantial and far-reaching 
changes over the course of the 21st century—
and particularly at the end of the century—with 
negative consequences for a large majority of 
sectors, including infrastructure and human 

health.2,3,4,5 For sectors where positive effects 
are observed in some regions or for specific 
time periods, the effects are typically dwarfed 
by changes happening overall within the sector 
or at broader scales.

Recent studies also show that many climate 
change impacts in the United States can be 
substantially reduced over the course of the 
21st century through global-scale reductions in 
greenhouse gas emissions. While the difference 
in climate outcomes between scenarios is more 
modest through the first half of the century,6 
the effect of mitigation in avoiding climate 
change impacts typically becomes clear by 
2050 and increases substantially in magnitude 
thereafter. Research supports that early and 
substantial mitigation offers a greater chance 
of avoiding increasingly adverse impacts.

The reduction of climate change risk due to 
mitigation also depends on assumptions about 
how adaptation changes the exposure and vul-
nerability of the population. Physical damages 
to coastal property and transportation infra-
structure are particularly sensitive to adap-
tation assumptions, with proactive measures 
estimated to be capable of reducing damages 
by large fractions. Because society is already 
committed to a certain amount of future 
climate change due to past and present emis-
sions and because mitigation activities cannot 
avoid all climate-related risks, mitigation and 
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adaptation activities can be considered com-
plementary strategies. However, adaptation 
can require large up-front costs and long-term 
commitments for maintenance, and uncer-
tainty exists in some sectors regarding the 
applicability and effectiveness of adaptation in 
reducing risk. Interactions between adaptation 

and mitigation strategies can result in benefits 
or adverse consequences. While uncertainties 
still remain, advancements in the modeling 
of climate and economic impacts, including 
current understanding of adaptation pathways, 
are increasingly providing new capabilities to 
understand and quantify future effects. 

Projected Damages and Potential for Risk Reduction by Sector
Annual Economic Damages in 2090

Sector

Annual  
damages� 

under 
RCP8.5

Damages 
avoided  
under 

RCP4.5
Labor $155B 48%
Extreme Temperature Mortality◊ $141B 58%
Coastal Property◊ $118B 22%
Air Quality $26B 31%
Roads◊ $20B 59%
Electricity Supply and Demand $9B 63%
Inland Flooding $8B 47%
Urban Drainage $6B 26%
Rail◊ $6B 36%
Water Quality $5B 35%

Coral Reefs $4B 12%
West Nile Virus $3B 47%
Freshwater Fish $3B 44%
Winter Recreation $2B 107%
Bridges $1B 48%
Munic. and Industrial Water 
Supply

$316M 33%

Harmful Algal Blooms $199M 45%
Alaska Infrastructure◊ $174M 53%
Shellfish* $23M 57%
Agriculture* $12M 11%
Aeroallergens* $1M 57%
Wildfire −$106M −134%

The total area of each circle represents the projected annual economic damages (in 2015 dollars) under a higher scenario 
(RCP8.5) in 2090 relative to a no-change scenario. The decrease in damages under a lower scenario (RCP4.5) compared to 
RCP8.5 is shown in the lighter-shaded area of each circle. Where applicable, sectoral results assume population change over 
time, which in the case of winter recreation leads to positive effects under RCP4.5, as increased visitors outweigh climate losses. 
Importantly, many sectoral damages from climate change are not included here, and many of the reported results represent only 
partial valuations of the total physical damages. See EPA 2017 for ranges surrounding the central estimates presented in the 
figure; results assume limited or no adaptation.2 Adaptation was shown to reduce overall damages in sectors identified with the 
diamond symbol but was not directly modeled in, or relevant to, all sectors. Asterisks denote sectors with annual damages that 
may not be visible at the given scale. Only one impact (wildfire) shows very small positive effects, owing to projected landscape-
scale shifts to vegetation with longer fire return intervals (see Ch. 6: Forests for a discussion on the weight of evidence regarding 
projections of future wildfire activity). The online version of this figure includes value ranges for numbers in the table. Due to 
space constraints, the ranges are not included here. From Figure 29.2 (Source: adapted from EPA 2017).2
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Introduction 

This chapter assesses recent advances in 
climate science and impacts, adaptation, and 
vulnerability research that have improved 
understanding of how potential mitigation 
pathways can avoid or reduce the long-term 
risks of climate change within the United 
States. This chapter does not evaluate technol-
ogy options, costs, or the adequacy of existing 
or planned mitigation efforts relative to meet-
ing specific policy targets, as those topics have 
been the subject of domestic (e.g., Executive 
Office of the President 2016, CCSP 2007, DeAn-
gelo et al. 2017, NRC 20157,8,9,10) and international 
analyses (e.g., Fawcett et al. 2015, Clarke et al. 
201411,12). Also, this chapter does not assess the 
potential roles for carbon sinks (or storage) in 
mitigation, which are discussed in Chapter 5: 
Land Changes, and in the Second State of the 

Carbon Cycle Report.13 Further, it is beyond the 
scope of this chapter and this assessment to 
evaluate or recommend policy options.

USGCRP defines risk as threats to life, health 
and safety, the environment, economic 
well-being, and other things of value. Risks are 
often evaluated in terms of how likely they are 
to occur (probability) and the damages that 
would result if they did happen (consequences). 

Both mitigation and adaptation responses 
to climate change are likely to occur as part 
of an iterative risk management strategy in 
which initial actions are modified over time 
as learning occurs (Ch. 28: Adaptation). This 
chapter focuses primarily on the early stages of 
this iterative process in which risks and vulner-
abilities are identified and the potential climate 
impacts of emissions scenarios are assessed.

Box 29.1: Options for Reducing or Removing Greenhouse Gases

Mitigation refers to measures to reduce the amount and speed of future climate change by reducing emissions 
of greenhouse gases (GHGs) or by increasing their removal from the atmosphere. Emission reduction measures 
include replacing conventional, CO2-emitting fossil fuel energy technologies or systems with low- or zero-emis-
sions ones (such as wind, solar, nuclear, biofuels, fossil energy with carbon capture and storage, and energy 
efficiency measures), as well as changing technologies and practices in order to lower emissions of other GHGs 
such as methane, nitrous oxide, and hydrofluorocarbons.7,14,15 Measures that enhance the removal of CO2 from 
the atmosphere (see Box 29.3) include changing land-use and management practices to store carbon in plants, 
trees, and soils; increasing ocean carbon storage through biological or chemical means; capturing atmospheric 
CO2 through engineered chemical reactions and storing it in geologic reservoirs; or converting terrestrial bio-
mass into energy while capturing and storing the CO2.16 Using captured CO2 in products such as polymers and 
cement is a potential alternative to geologic storage.17

The adoption of these measures may be promoted through a variety of policy instruments, such as emissions 
pricing (that is, GHG emission fees or emissions caps with permit trading), regulations and standards (such as 
emission standards, technology requirements, and building codes), subsidies (for example, tax incentives and 
rebates), and public funding for research, development, and demonstration programs. 

https://www.globalchange.gov/climate-change/glossary#letter_r
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Timing and Magnitude of Action

Current and future emissions, and thus emis-
sions mitigation actions, are crucial for 
determining future risks and impacts. The scale 
of risks that can be avoided through mitiga-
tion actions is influenced by the magnitude 
of emissions reductions, the timing of those 
emissions reductions, and the relative mix of 
mitigation strategies for emissions of long-
lived GHGs (namely, CO2), short-lived GHGs 
(such as methane), and land-based biologic 
carbon.1 Intentional removal of CO2 from the 
atmosphere, often referred to as negative 
emissions, or other climate interventions have 
also been proposed10,18 and may play a role in 
future mitigation strategies (see Box 29.3).  

Net cumulative CO2 emissions in the industrial 
era will largely determine long-term global 
average temperature change9 and thus the 
risks and impacts associated with that change 
in the climate. Large reductions in present-day 
emissions of the long-lived GHGs are estimated 
to have modest temperature effects in the near 
term (over the next couple decades), but these 
emission reductions are necessary to achieve 
any long-term objective of preventing warming 
of any desired magnitude.9 Decisions that 
decrease or increase emissions over the next 
few decades will set into motion the degree 
of impacts that will likely last throughout the 
rest of this century, with some impacts (such as 
sea level rise) lasting for thousands of years or 
even longer.19,20,21

Meeting any climate stabilization goal, such 
as the oft-cited objective of limiting the long-
term globally averaged temperature to 2°C 
(3.6°F) above preindustrial levels, necessitates 
that there be a physical upper limit on the 
cumulative amount of CO2 that can be added 
to the atmosphere.9 Early and substantial 
mitigation offers a greater chance for achiev-
ing a long-term goal, whereas delayed and 

potentially much steeper emissions reductions 
jeopardize achieving any long-term goal given 
uncertainties in the physical response of the 
climate system to changing atmospheric CO2, 
mitigation deployment uncertainties, and the 
potential for abrupt consequences.11,22,23 Early 
efforts also enable an iterative approach to risk 
management, allowing stakeholders to respond 
to what is learned over time about climate 
impacts and the effectiveness of available 
actions (Ch. 28: Adaptation).24,25,26 Evidence 
exists that early mitigation can reduce climate 
impacts in the nearer term (such as reducing 
the loss of perennial sea ice and effects on 
ice-dwelling species) and, in the longer term, 
prevent critical thresholds from being crossed 
(such as marine ice sheet instability and the 
resulting consequences for global sea level 
change).27,28,29,30

State of Emissions Mitigation Efforts

Actions are currently underway at global, 
national, and subnational scales to reduce GHG 
emissions. This section provides an overview of 
agreements, policies, and actions being taken 
at various levels. 

Long-Term Temperature Goals and the Paris 
Agreement 
The idea of limiting globally averaged warming 
to a specific value has long been examined in 
the scientific literature and, in turn, gained 
attention in policy discourse (see DeAngelo 
et al. 2017 for additional information9). Most 
recently, the Paris Agreement of 2015 took on 
the long-term aims of “holding the increase in 
the global average temperature to well below 
2°C above pre-industrial levels and pursuing 
efforts to limit the temperature increase to 
1.5°C above pre-industrial levels”.31 These 
targets were developed with the goal of avoid-
ing the most severe climate impacts; however, 
they should not be viewed as thresholds below 
which there are zero risks and above which 
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numerous tipping points occur (that is, a point 
at which a change in the climate triggers a 
significant environmental event, which may be 
permanent). In order to reach the Paris Agree-
ment’s long-term temperature goal, Parties to 
the Agreement “aim to reach global peaking of 
GHG emissions as soon as possible . . . and to 
undertake rapid reductions thereafter.” Many 
countries announced voluntary, nonbinding 
GHG emissions reduction targets and related 
actions in the lead-up to the Paris meeting; 
these announcements addressed emissions 
through 2025 or 2030 and took a range of 
forms.31 The Paris Agreement has been ratified 
by 180 Parties to the UN Framework Conven-
tion on Climate Change, which account for 
88% of global GHG emissions.32,33

Achieving the Paris Agreement target of 
limiting global mean temperature to less than 
2°C (3.6°F) above preindustrial levels requires 
substantial reductions in net global CO2 
emissions prior to 2040 relative to present-day 
values and likely requires net CO2 emissions 
to become zero or possibly negative later 
in the century, relying on as-yet unproven 
technologies to remove CO2 from the atmo-
sphere. To remain under this temperature 
threshold with two-thirds likelihood, future 
cumulative net CO2 emissions would need to 
be limited to approximately 230 gigatons of 
carbon (GtC), an amount that would be reached 
in roughly the next two decades assuming 
global emissions follow the range between the 
RCP4.5 and RCP8.5 scenarios.9 Achieving global 
GHG emissions reduction targets and actions 
announced by governments in the lead-up 
to the 2015 Paris climate conference would 
hold open the possibility of meeting the 2°C 
(3.6°F) temperature goal, whereas there would 
be virtually no chance if net global emissions 
followed a pathway well above those implied by 
country announcements.9  

In June 2017, the United States announced its 
intent to withdraw from the Paris Agreement.34 
The statement is available online: https://www.
whitehouse.gov/briefings-statements/state-
ment-president-trump-paris-climate-accord/. 
The earliest effective date of formal withdrawal 
is November 4, 2020. Some state governments, 
local governments, and private-sector entities 
have announced pledges to reduce emissions 
in the context of long-term temperature aims 
consistent with those outlined in the Paris 
Agreement.35,36

Key Message 1
Mitigation-Related Activities Within 
the United States

Mitigation-related activities are taking 
place across the United States at the 
federal, state, and local levels as well 
as in the private sector. Since the Third 
National Climate Assessment, a growing 
number of states, cities, and businesses 
have pursued or deepened initiatives 
aimed at reducing emissions. 

Many activities within the public and private 
sectors either aim to or have the effect of 
reducing these emissions. Fossil fuel combus-
tion accounts for 77% of the total U.S. GHG 
emissions (using the 100-year global warming 
potential), with agriculture, industrial process-
es, and methane from fossil fuel extraction 
and processing as well as waste accounting for 
the remainder.37 A 100-year global warming 
potential is an index measuring the radiative 
forcing following an emission of a unit mass 
of a given substance, accumulated over one 
hundred years, relative to that of the reference 
substance, CO2.38 At the federal level, a num-
ber of measures have been implemented to 
promote advanced, low-carbon energy tech-
nologies and fuels, including energy efficiency. 
Broadly considered, these measures include 

https://www.whitehouse.gov/briefings-statements/statement-president-trump-paris-climate-accord/
https://www.whitehouse.gov/briefings-statements/statement-president-trump-paris-climate-accord/
https://www.whitehouse.gov/briefings-statements/statement-president-trump-paris-climate-accord/
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GHG regulations; other rules and regulations 
with climate co-benefits; codes and standards; 
research, development, and demonstration 
projects and programs; federal procurement 
practices; voluntary programs; and various 
subsidies (such as production and investment 
tax credits).14,39 Federal measures to address 
sources other than fossil fuel combustion 
include agriculture and forestry programs to 
increase soil and forest carbon sequestration 
and minimize losses through wildfire or other 
land-use processes, regulations to phase 
down hydrofluorocarbons, and standards for 
reducing methane emissions from fossil fuel 
extraction and processing.14 The Administration 
is currently reviewing many of these measures 
through the lens of Executive Order 13783, 
which aims to ease regulatory burdens on “the 
development or use of domestically produced 
energy resources, with particular attention 
to oil, natural gas, coal, and nuclear ener-
gy resources.”40

State, local, and tribal government mitigation 
approaches include comprehensive emissions 
reduction strategies as well as sector- and 
technology-specific policies designed for 
many reasons. As shown in Figure 29.1a, at 
least 455 cities support emissions reductions 
in the context of global efforts, including 110 
with emissions reduction targets.36 At the state 
level, the color shown on each state indicates 
the total number of activities taken in that 
state across six policy areas: GHG target/cap/
pricing; renewable/carbon dioxide capture 
and storage (CCS)/nuclear; transportation; 
energy efficiency; non-CO2 GHG; and forestry 
and land use.36 Figure 29.1b shows the number 
of activities by policy area for each state. For 
example, states in the Northeast take part 
in the Regional Greenhouse Gas Initiative, 
a mandatory market-based effort to reduce 
power sector emissions.41 California has a 
legal mandate to reduce emissions 40% below 
1990 levels by 2030, and in a 2017 law, the 

state extended its emissions trading program 
to 2030, as well. Several states have adopted 
voluntary pledges to reduce emissions. Tech-
nology-specific approaches include targets 
to increase the use of renewable energy such 
as wind and solar, zero- or low-emissions 
transportation options, and energy efficient 
technologies and practices.42,43 Many tribes 
are also prioritizing energy-efficiency and 
renewable-energy projects (Ch. 15: Tribes, KM 
1).44 Mitigation activities related to methane 
and forestry/land-use activities are growing in 
number and vary by locale. 

In the private sector, many companies seek to 
provide environmental benefits for a variety of 
reasons, including supporting environmental 
stewardship, responding to investor demands 
for prudent risk management, finding eco-
nomic opportunities in efforts to reduce GHG 
emissions, and, in the case of multinationals, 
meeting mitigation mandates in the European 
Union or other jurisdictions. Since the last 
National Climate Assessment, private compa-
nies have increasingly taken inventory of their 
emissions and moved forward to implement 
science-based emissions reduction targets as 
well as internal carbon prices.36 The Carbon 
Disclosure Project46 is one example of a volun-
tary program where companies register their 
pledges to reduce GHG emissions and/or to 
manage their climate risks. Corporate purchas-
es of and commitments to purchase renewable 
energy have increased over the last decade.47
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Mitigation-Related Activities at State and Local Levels

Figure 29.1: The map (a) shows the number of mitigation-related activities at the state level (out of 30 illustrative 
activities) as well as cities supporting emissions reductions; the chart (b) depicts the type and number of activities by 
state.36 Several territories also have a variety of mitigation-related activities including American Sāmoa, the Federated 
States of Micronesia, Guam, Northern Mariana Islands, Puerto Rico, and the U.S. Virgin Islands.42,45 Sources: (a) EPA 
and ERT, Inc.; (b) adapted from America’s Pledge 2017.36 This figure was revised in June 2019. See Errata for details:  
https://nca2018.globalchange.gov/downloads

https://nca2018.globalchange.gov/downloads
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Market forces and technological change, par-
ticularly within the electric power sector, have 
contributed to a decline in U.S. GHG emissions 
over the past decade. In 2016, U.S. emissions 
were at their lowest levels since 1994.37 Power 
sector emissions were 25% below 2005 levels 
in 2016, the largest sectoral reduction over 
this time.37 This decline was in large part due 
to increases in natural gas generation as well 
as renewable energy generation and energy 
efficiency (Ch. 4: Energy, KM 2).48 Given these 
changes in the power sector, the transporta-
tion sector currently has the largest annual 
sectoral emissions (Ch. 12: Transportation). 
As of the writing of this report, projections of 
U.S. fossil fuel CO2 and other GHG emissions 
show flat or declining trajectories over the 
next decade, with a central estimate of about 
15%–20% below 2005 levels by 2025.49,50 
Prior to the adoption of the Paris Agreement, 
the United States put forward a nonbinding 
“intended nationally determined contribution” 
of reducing emissions 26%–28% below 2005 
levels in 2025. On June 1, 2017, President Trump 
announced that the United States would cease 
implementation of this nationally determined 
contribution. Some state and local govern-
ments, as well as private-sector entities, have 
announced emission reduction pledges which 
aim to be consistent with the nonbinding 
target.35,36 For more information on trends in, 
drivers of, and potential efforts to address 
U.S. GHG emissions, see the Inventory of U.S. 
Greenhouse Gas Emissions and Sinks.37

Reducing Impacts Through Mitigation 
To understand how large-scale emissions 
mitigation can reduce climate impacts, it is 
useful to look at how the impacts change 
under various emissions scenarios. In recent 
years, the science and economics of estimating 
future climate change impacts have advanced 
substantially, with increasing emphasis on 
interdisciplinary approaches to investigate 
impacts, vulnerabilities, and responses.51,52,53 
These advances have enabled several ongoing 
frontier research initiatives to improve under-
standing and quantification of climate impacts 
at various spatial scales ranging from global to 
local levels. This section describes findings for 
the United States from a selection of recent 
multisector coordinated modeling frameworks 
listed in Table 29.1, which are frequently cited 
throughout this chapter because each report 
provides modeling results across multiple sec-
tors and scenarios similar to those developed 
for this report. These approaches commonly 
feature the use of internally consistent climate 
and socioeconomic scenarios and underlying 
assumptions across a variety of sectoral 
analyses. While research projecting physical 
and economic impacts in the United States has 
increased considerably since the Third Nation-
al Climate Assessment (NCA3), it is important 
to note that this literature is incomplete in its 
coverage of the breadth of potential impacts.
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Collaboration or Project 
Name

Host/Lead Organization 
and References Sectors Covered Coverage

Benefits of Reduced Anthro-
pogenic Climate changE 

(BRACE)

National Center for Atmo-
spheric Research (O’Neill et 

al. 2017)4

Heat extremes and health, 
agriculture and land use, 

tropical cyclones, sea level 
rise, drought and conflict

Global

Costs of Inaction and 
Resource scarcity: Con-
sequences for Long-term 

Economic growth (CIRCLE)

Organisation for Economic 
Co-operation and Develop-

ment (OECD 2015)55

Tourism, agriculture, coastal, 
energy, extreme precipitation 

events, health
Global

Inter-Sectoral Impact Model 
Intercomparison Project 

(ISIMIP)

Potsdam Institute for Climate 
Impact Research (Huber et 

al. 2014)56

Water, agriculture, biomes, 
infrastructure, health/malaria, 

fishery, permafrost
Global

American Climate Prospec-
tus (ACP) 

Climate Impact Lab (Houser 
et al. 2015; Hsiang et al. 

2017)3,5

Agriculture, health, labor pro-
ductivity, crime and conflict, 

coastal, energy
United States

Climate Change Impacts and 
Risk Analysis (CIRA)

U.S. Environmental Pro-
tection Agency (EPA 2015, 

2017)2,57

More than 20 specific 
impacts categorized into 
6 broad sectors: health 

(including labor productivity), 
infrastructure, electricity, 

water resources, agriculture, 
ecosystems

United States

California Climate Change 
Assessments

State of California (Cayan et 
al. 2008, 2013; California En-
ergy Commission 2006)58,59,60

Public health, agriculture, en-
ergy, coastal, water resourc-

es, ecosystems, wildfire, 
recreation

State-Level

Colorado Climate Change 
Vulnerability Study

Colorado Energy Office (Gor-
don and Ojima 2015)61

Ecosystems, water, agricul-
ture, energy, transportation, 

recreation and tourism, 
public health

State-Level

New York ClimAID Project

New York State Energy 
Research and Development 
Authority (Rosenzweig et al. 
2011; Horton et al. 2014)62,63

Water resources, coastal 
zones, ecosystems, agricul-
ture, energy, transportation, 
telecommunications, public 

health

State-Level

Table 29.1: Selection of Multisector Impacts Modeling Frameworks Since NCA3. Source: adapted from Diaz and Moore 2017.54

http://www.cgd.ucar.edu/projects/chsp/
http://www.cgd.ucar.edu/projects/chsp/
http://www.cgd.ucar.edu/projects/chsp/
http://www.oecd.org/env/indicators-modelling-outlooks/circle.htm
http://www.oecd.org/env/indicators-modelling-outlooks/circle.htm
http://www.oecd.org/env/indicators-modelling-outlooks/circle.htm
http://www.oecd.org/env/indicators-modelling-outlooks/circle.htm
https://www.isimip.org/
https://www.isimip.org/
https://www.isimip.org/
http://cup.columbia.edu/book/economic-risks-of-climate-change/9780231174565
http://cup.columbia.edu/book/economic-risks-of-climate-change/9780231174565
https://www.epa.gov/cira
https://www.epa.gov/cira
https://www.climatechange.ca.gov/climate_action_team/reports/third_assessment/index.html
https://www.climatechange.ca.gov/climate_action_team/reports/third_assessment/index.html
https://wwa.colorado.edu/climate/co2015vulnerability/
https://wwa.colorado.edu/climate/co2015vulnerability/
https://www.nyserda.ny.gov/About/Publications/Research%20and%20Development%20Technical%20Reports/Environmental%20Research%20and%20Development%20Technical%20Reports/Response%20to%20Climate%20Change%20in%20New%20York
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Key Message 2
The Risks of Inaction

In the absence of more significant global 
mitigation efforts, climate change is 
projected to impose substantial damages 
on the U.S. economy, human health, and 
the environment. Under scenarios with 
high emissions and limited or no adapta-
tion, annual losses in some sectors are 
estimated to grow to hundreds of billions 
of dollars by the end of the century. It 
is very likely that some physical and 
ecological impacts will be irreversible 
for thousands of years, while others 
will be permanent.

Climate change is projected to significantly 
affect human health, the economy, and the 
environment in the United States, particularly 
in futures with high GHG emissions, such as 
RCP8.5, and under scenarios with limited or no 
adaptation (for more on RCPs, see the Scenario 
Products section of App. 3).64 Recent findings 
from multisector modeling frameworks 
demonstrate substantial and far-reaching 
changes over the course of the 21st century—
and particularly towards the end of the cen-
tury—with negative consequences for a large 
majority of sectors. Moreover, the impacts 
and costs of climate change are already being 
felt in the United States, and recent extreme 
weather and climate-related events can now be 

attributed with increasingly higher confidence 
to human-caused warming.65 Impacts associ-
ated with human health, such as premature 
mortality due to extreme temperature and 
poor air quality, are commonly some of the 
most economically substantial (Ch. 13: Air 
Quality; Ch. 14: Human Health).2,3,4,5 While many 
sectors face large economic risks from climate 
change, other impacts can have significant 
implications for societal or cultural resourc-
es.66,67 Further, some impacts will very likely be 
irreversible for thousands of years, including 
those to species, such as corals (Ch. 9: Oceans; 
Ch. 27: Hawai‘i & Pacific Islands),1,2,68 or those 
that involve the exceedance of thresholds, 
such as the effects of ice sheet disintegration 
on accelerated sea level rise, leading to wide-
spread effects on coastal development lasting 
thousands of years.69,70,71 Figure 29.2 shows that 
climate change is projected to cause damage 
across nearly all of the sectors analyzed. The 
conclusion that climate change is projected to 
result in adverse impacts across most sectors is 
consistently found in U.S.-focused multisector 
impact analyses.2,3,4,5 For sectors where positive 
effects are observed in some regions or for 
specific time periods (for example, reduced 
mortality from extreme cold temperatures or 
beneficial effects on crop yields), the effects 
are typically dwarfed by changes happening 
overall within the sector or at broader scales 
(for example, comparatively larger increases 
in mortality from extreme heat or many more 
crops experiencing adverse effects).2,3,4,5
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Projected Damages and Potential for Risk Reduction by Sector
Annual Economic Damages in 2090

Sector

Annual  
damages� 

under 
RCP8.5

Damages 
avoided  
under 

RCP4.5
Labor $155B 48%
Extreme Temperature Mortality◊ $141B 58%
Coastal Property◊ $118B 22%
Air Quality $26B 31%
Roads◊ $20B 59%
Electricity Supply and Demand $9B 63%
Inland Flooding $8B 47%
Urban Drainage $6B 26%
Rail◊ $6B 36%
Water Quality $5B 35%

Coral Reefs $4B 12%
West Nile Virus $3B 47%
Freshwater Fish $3B 44%
Winter Recreation $2B 107%
Bridges $1B 48%
Munic. and Industrial Water 
Supply

$316M 33%

Harmful Algal Blooms $199M 45%
Alaska Infrastructure◊ $174M 53%
Shellfish* $23M 57%
Agriculture* $12M 11%
Aeroallergens* $1M 57%
Wildfire −$106M −134%

Figure 29.2: The total area of each circle represents the projected annual economic damages (in 2015 dollars) under a higher 
scenario (RCP8.5) in 2090 relative to a no-change scenario. The decrease in damages under a lower scenario (RCP4.5) 
compared to RCP8.5 is shown in the lighter-shaded area of each circle. Where applicable, sectoral results assume population 
change over time, which in the case of winter recreation leads to positive effects under RCP4.5, as increased visitors outweigh 
climate losses. Importantly, many sectoral damages from climate change are not included here, and many of the reported results 
represent only partial valuations of the total physical damages. See EPA 2017 for ranges surrounding the central estimates 
presented in the figure; results assume limited or no adaptation.2 Adaptation was shown to reduce overall damages in sectors 
identified with the diamond symbol but was not directly modeled in, or relevant to, all sectors.  Asterisks denote sectors with 
annual damages that may not be visible at the given scale. Only one impact (wildfire) shows very small positive effects, owing to 
projected landscape-scale shifts to vegetation with longer fire return intervals (see Ch. 6: Forests for a discussion on the weight 
of evidence regarding projections of future wildfire activity). The online version of this figure includes value ranges for numbers 
in the table. Due to space constraints, the ranges are not included here. Source: adapted from EPA 2017.2
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Key Message 3
Avoided or Reduced Impacts Due  
to Mitigation

Many climate change impacts and asso-
ciated economic damages in the United 
States can be substantially reduced over 
the course of the 21st century through 
global-scale reductions in greenhouse 
gas emissions, though the magnitude 
and timing of avoided risks vary by 
sector and region. The effect of near-
term emissions mitigation on reducing 
risks is expected to become apparent 
by mid-century and grow substan-
tially thereafter.

Many climate change impacts in the United 
States can be substantially reduced over the 
course of the 21st century through global-scale 
reductions in GHG emissions (Figure 29.2). 
While the difference in climate impact out-
comes between different scenarios is more 
modest through the first half of the century,6 
the effect of mitigation in avoiding climate 
change impacts typically becomes clear by 
2050 and increases substantially in magnitude 
thereafter.2,3,4 For some sectors, this creates 
large projected benefits of mitigation. For 
example, by the end of the century, reduced 
climate change under a lower scenario (RCP4.5) 
compared to a higher one (RCP8.5) avoids 
(overall) thousands to tens of thousands of 
deaths per year from extreme temperatures 
(Ch. 14: Human Health),2,3,5 hundreds to thou-
sands of deaths per year from poor air quality 
(Ch. 13: Air Quality),2,72 and the annual loss 
of hundreds of millions of labor hours from 
extreme temperatures.2,3 When monetized, 
each of these avoided health impacts rep-
resents domestic economic benefits of mitiga-
tion on the order of tens to hundreds of billions 
of dollars per year.2,3,73 For example, Figure 29.2 
shows that reduced emissions under RCP4.5 

can avoid approximately 48% (or $75 billion) of 
the $155 billion in lost wages per year by 2090 
due to the effects of extreme temperature on 
labor (for example, outdoor industries reducing 
total labor hours during heat waves). Looking at 
the economy as a whole, mitigation can sub-
stantially reduce damages while also narrowing 
the uncertainty in potential adverse impacts 
(Figure 29.3). 

Many impacts have significant societal or 
cultural values, such as impacts to freshwater 
recreational fishing. However, estimating the 
full value of these changes remains a chal-
lenge. Recent studies highlight that climate 
change can disproportionately affect socially 
vulnerable communities, with mitigation 
providing substantial risk reduction for these 
populations.3,74,75,76 Some analyses also suggest 
that findings are sensitive to assumptions 
regarding adaptive capacity and socioeco-
nomic change.5,71,77 In general, studies find that 
reduced damages due to mitigation also reduce 
the potential level of adaptation needed.2,78 
As for socioeconomic change, increasing 
population growth can compound the damages 
occurring from climate change.4,79 Some studies 
have shown that impacts can be more sensitive 
to demographic and economic conditions than 
to the differences in future climates between 
the scenarios.80 See the Scenario Products 
section of Appendix 3 for more detail on popu-
lation and land-use scenarios developed for the 
Fourth National Climate Assessment (NCA4).

For other sectors, such as impacts to coastal 
development, the effect of mitigation emerges 
more toward the end of the century due to 
lags in the response of ice sheets and oceans 
to warming (Ch. 8: Coastal).81 This results in 
smaller relative reductions in risk. For example, 
while annual damages to coastal property from 
sea level rise and storm surge, assuming no 
adaptation, are projected to range in the tens 
to hundreds of billions of dollars by the end of 
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Estimates of Direct Economic Damage from Temperature Change

Figure 29.3: The left graph shows the observed and projected changes in fossil fuel and industrial emissions of CO2
 from human 

activities (emissions from land-use change do not appear in the figure; within the RCPs these emissions are less than 1 GtC 
per year by 2020 and fall thereafter). The right graph shows projections of direct damage to the current U.S. economy for six 
impact sectors (agriculture, crime, coasts, energy, heat mortality, and labor) as a function of global average temperature change 
(represented as average for 2080–2099 compared to 1980–2010). Compared to RCP8.5, lower temperatures due to mitigation 
under either of the lower scenarios (RCP2.6 or RCP4.5) substantially reduce median damages (dots) to the U.S. economy while 
also narrowing the uncertainty in potential adverse impacts. Dot-whiskers indicate the uncertainty in direct damages in 2090 
(average of 2080–2099) derived from multiple combinations of climate models and forcing scenarios (dot, median; thick line, 
inner 66% credible interval; thin line, inner 90%). The gray shaded area represents the 90% confidence interval in the fit (black 
line) to the damage estimates. Damage estimates only capture adaptation to the extent that populations employed them in the 
historical period. Sources: (left) adapted from Wuebbles et al. 2017; 83 (right) adapted from Hsiang et al. 20173 and republished 
with permission of American Association for the Advancement of Science.

the century under RCP8.5, mitigation under 
RCP4.5 is projected to avoid less than a quarter 
of these damages.2,5,82 However, the avoided 
impacts beyond 2100 are likely to be larger 
based on projected trajectories of sea level 
change.19,20,27

The marginal benefit, equivalently the avoided 
damages, of mitigation can be expressed as 
the social cost of carbon (SCC). The SCC is a 
monetized estimate of the long-term climate 
damages to society from an additional amount 
of CO2 emitted and includes impacts that 
accrue in market sectors such as agriculture, 
energy services, and coastal resources, as well 
as nonmarket impacts on human health and 
ecosystems.84,85 This metric is used to inform 
climate risk management decisions at national, 
state, and corporate levels.86,87,88,89,90 Notably, 
estimating the SCC depends on normative 
social values such as time preference, risk 

aversion, and equity considerations that can 
lead to a range of values. In recognition of the 
ongoing examination about existing approach-
es to estimating the SCC,91,92,93 a National Acad-
emies of Sciences, Engineering, and Medicine 
report94 recommended various improvements 
to SCC models, including that they 1) be 
consistent with the current state of scientific 
knowledge, 2) characterize and quantify key 
uncertainties, and 3) be clearly documented 
and reproducible. 

Although uncertainties still remain, advance-
ments in climate impacts and economics 
modeling are increasingly providing new 
capabilities to quantify future societal effects 
of climate change. A growing body of studies 
use and assess statistical relationships between 
observed socioeconomic outcomes and weather 
or climate variables to estimate the impacts of 
climate change (e.g., Müller et al. 2017, Hsiang et 
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al. 2017 3,95). In the United States, in particular, 
the rise of big data (large volumes of data 
brought about via the digital age) and advanced 
computational power offer potential improve-
ments to study climate impacts in many sectors 
like agriculture, energy, and health, including 
previously omitted sectors such as crime, 
conflict, political turnover, and labor produc-
tivity. Parallel advancements in high-resolution 
integrated assessment models (those that jointly 
simulate changes in physical and socioeconomic 
systems), as well as process-based sectoral 
models (those with detailed representations 
of changes in a single sector), enable impact 
projections with increased regional specificity, 
which across the modeling frameworks shown 
in Table 29.1 reveal complex spatial patterns 
of impacts for many sectors. For example, this 
spatial variability is consistently observed in the 
agriculture sector,2,5,96,97 where the large number 
of domestic crops and growing regions respond 
to changes in climate and atmospheric CO2 
concentrations in differing ways. As such, the 
benefits of mitigation for agriculture can vary 
substantially across regions of the United States 
and summing regional results into national 
estimates can obscure important effects at 
the local level. 

Key Message 4
Interactions Between Mitigation  
and Adaptation

Interactions between mitigation and 
adaptation are complex and can lead to 
benefits, but they also have the potential 
for adverse consequences. Adaptation 
can complement mitigation to substan-
tially reduce exposure and vulnerability 
to climate change in some sectors. This 
complementarity is especially important 
given that a certain degree of climate 
change due to past and present emis-
sions is unavoidable. 

The reduction of climate change risk due 
to mitigation also depends on assumptions 
about how adaptation changes the exposure 
and vulnerability of the population (Ch. 28: 
Adaptation). For example, recent studies have 
found that adaptation can substantially reduce 
climate damages in a number of sectors in 
both the higher (RCP8.5) and lower (RCP4.5) 
scenarios.2,5 Damages to infrastructure, such as 
road and rail networks, are particularly sensi-
tive to adaptation assumptions, with proactive 
measures (such as planned maintenance and 
repairs that account for future climate risks) 
estimated to be able to reduce damages by 
large fractions. More than half of damages to 
coastal property are estimated to be avoidable 
through well-timed adaptation measures, such 
as shoreline protection and beach replenish-
ment.2,5,196 In the health sector, accounting for 
possible physiological adaptation (acclimatiza-
tion) to higher temperatures and for increased 
air conditioning use reduced estimated 
mortality by half,2,5 a finding supported by 
other analyses of mortality from extreme 
heat.99,100 However, adaptation can require large 
up-front costs and long-term commitments for 
maintenance (Ch. 28: Adaptation), and uncer-
tainty exists in some sectors regarding the 
applicability and effectiveness of adaptation in 
reducing risk.101

Broadly, quantifying the potential effect of 
adaptation on impacts remains a research chal-
lenge (see the “Direction for Future Research” 
section) (see also Ch. 17: Complex Systems).102 
Because society is already committed to a 
certain amount of future climate change due 
to past and present emissions and because 
mitigation activities cannot avoid all cli-
mate-related risks, mitigation and adaptation 
activities can be considered complementary 
strategies.196,103,104,105 

Adaptation and mitigation strategies can 
also interact, with the potential for benefits 
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and/or adverse consequences.106 An iterative 
risk-management approach for assessing and 
modifying these strategies as experience is 
gained can be advantageous (Ch. 28: Adapta-
tion). Benefits occur when mitigation strategies 
make adaptation easier (or vice versa). For 
example, by reducing climate change and its 
subsequent effects on the water cycle, mitiga-
tion has been projected to reduce water short-
ages in most river basins of the United States, 
making adaptation to hydrologic impacts more 
manageable.107 Also, carbon sequestration 
through reforestation and/or other protective 
measures can promote forest ecosystem 
services (including reduced flood risk), provide 
habitat for otherwise vulnerable species, or 
abate urban heat islands. Carbon sequestration 
measures in agriculture can reduce erosion 
and runoff, reducing vulnerability to extreme 
precipitation. Agricultural adaptation strate-
gies that increase yields (such as altering crop 
varieties, irrigation practices, and fertilizer 
application), particularly in already high-yield-
ing regions including North America, can have 
mitigation benefits (Ch. 10: Ag & Rural).108 First, 
higher productivity lessens the need for clear-
ing new land for production, thereby reducing 
associated emissions.109 Second, these strat-
egies counteract yield losses due to climate 
change,2,110,111 which could enhance the ability 
to produce bioenergy crops or make additional 
land available for carbon sequestration.

In buildings and industrial facilities, adaptation 
measures such as investments in energy effi-
ciency (for example, through efficient building 

materials) would reduce building energy 
demand (and therefore emissions), as well as 
lessen the impacts of extreme heat events.112,113

Adaptation and mitigation can also interact 
negatively. For example, if mitigation strategies 
include large-scale use of bioenergy crops to 
produce low-carbon energy, higher irrigation 
demand can lead to an increase in water 
stress that more than offsets the benefits of 
lessened climate change.114 Similarly, mitigation 
approaches such as afforestation (the estab-
lishment of a forest where no previous tree 
cover existed) and concentrated solar power 
would increase demand for water and land.115 
Likewise, some adaptation measures such as 
irrigation, desalination, and air conditioning are 
energy intensive and would lead to increased 
emissions or create greater demands for clean 
energy. Higher air conditioning demands are 
projected to increase annual average and peak 
demands for electricity, putting added stress 
on an electrical grid that is already vulnerable 
to the effects of climate change (Ch. 4: Energy, 
KM 1).2,116,117 Meeting these higher demands 
becomes more challenging as higher tem-
peratures reduce the peak capacity of thermal 
generation technologies and lower peak trans-
mission capacity.118 In addition, complications 
are expected to arise when climate change 
impacts occur simultaneously and undermine 
adaptation measures, such as when a severe 
storm disrupts power over an extended time of 
intense heat, which can nullify the benefits of 
air conditioning adaptation.
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Box 29.2: Co-Effects of Mitigation Actions

Recent scientific studies suggest that considering the indirect effects of mitigation can significantly reduce or 
eliminate the potential costs associated with cutting GHG emissions. This is due to the presence of co-bene-
fits, often immediate, associated with emissions reductions, such as improving air quality and public health. 
There is now a large body of scientific literature evaluating 1) the health co-benefits of mitigation actions, 
5,119,120,121,122,123,124,125 2) improvement to crop yields,126,127 and 3) a reduction in the probability of occurrence of 
extreme weather and climate-related events over the next decades that would otherwise occur with unabated 
emissions.29 In transportation, for example, switching away from petroleum to potentially lower GHG fuels, such 
as electricity and hydrogen, is projected to reduce local air pollution. In California, drastic GHG emissions reduc-
tions have been estimated to substantially improve air quality and reduce local particulate matter emissions 
associated with freight transport that disproportionately impact disadvantaged communities.128,129 Decarbon-
ization of the energy system is also expected to increase energy security by increasing reliance on sources of 
energy that are produced domestically.130,131 

At the same time, mitigation actions can have potential adverse effects, such as impacts to the cost of food 
and biodiversity loss due to the increased use of energy from biomass.132,133 For this reason, it is more appropri-
ate to use the term co-effects to refer to both benefits and costs associated with efforts to reduce GHG emis-
sions.123 The co-effects of investments in GHG emissions reductions generally occur in the near term, whereas 
the benefits of reducing GHG emissions will likely be mostly realized over longer timescales. 

Box 29.3: Reducing Risk Through Climate Intervention

Climate intervention techniques (or geoengineering) are aimed at limiting global or regional temperature 
increase by affecting net radiative forcing through means other than emissions reductions (for a more detailed 
discussion see DeAngelo et al. 2017 9).There are two broad categories of climate intervention techniques. One 
is carbon dioxide removal (CDR), which would reduce atmospheric CO2 concentrations by changing land-use 
and management practices to store carbon in plants, trees, and soils; increasing ocean carbon storage through 
biological or chemical means; capturing atmospheric CO2 through engineered chemical reactions and storing 
it in geologic reservoirs; or converting terrestrial biomass into energy while capturing and storing the CO2.16 
The second is solar radiation management (SRM), which would increase Earth’s regional and/or global reflec-
tivity by, for example, injecting sulfur gases or other substances into the stratosphere or brightening marine 
clouds. CDR is estimated to have long implementation times, and while costs (and their uncertainties) range 
widely across different measures,134 it is estimated to be expensive at scale.10 Nonetheless, large-scale CDR 
can be competitive with more traditional GHG mitigation options when substantial mitigation is required, and 
therefore it is an element of many scenarios that feature deep emissions reductions or negative emissions. Its 
climate benefits are likely to be similar to those from emissions reductions since both strategies act through 
reduced atmospheric concentrations of GHGs. Studies point to the risks of reaching the limits of available 
land, water, or biogeochemical requirements of biomass-based approaches at scale sufficient to offset large 
emissions.13,16,99,135,136 In contrast to CDR, SRM strategies are estimated to be relatively inexpensive and realize 
climate benefits within a few years. They could be targeted at regional as well as global temperature modifi-
cation137 and could be combined with mitigation to limit the rate or the peak magnitude of warming. However, 
SRM effects on other outcomes, including precipitation patterns, light availability, and atmospheric circulation, 
are less well understood. In addition, SRM would not reduce risks from increasing atmospheric CO2 concentra-
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Box 29.3: Reducing Risk Through Climate Intervention, continued

tions such as ocean acidification.138,139 Moreover, a sudden cessation of large-scale SRM activities could lead to 
very rapid climate changes, although a gradual phaseout of SRM as emissions reductions and CDR are phased 
in could avoid these abrupt changes. As concluded in Chapter 14 of the Climate Science Special Report, “Fur-
ther assessments of the technical feasibilities, costs, risks, co-benefits, and governance challenges of climate 
intervention or geoengineering strategies, which are as-yet unproven at scale, are a necessary step before judg-
ments about the benefits and risks of these approaches can be made with high confidence.”9

Direction for Future Research

Coordinated Impacts Modeling Analyses
Multisector impacts modeling frameworks 
can systematically address specific mitigation 
and adaptation research needs of the users of 
the National Climate Assessment. Improved 
coordination amongst multidisciplinary impact 
modeling teams could be very effective in 
informing future climate assessments. 

The recent multisector impacts modeling 
frameworks described above have demon-
strated several key advantages for producing 
policy-relevant information regarding the 
potential for mitigation to reduce climate 
change impacts. First, the use of internally 
consistent scenarios and assumptions in 
quantifying a broad range of impacts produces 
comparable estimates across sectors, regions, 
and time. Second, these frameworks can 
simulate specific mitigation and adaptation 
scenarios to investigate the multisector effec-
tiveness of these actions in reducing risk over 
time. Third, these frameworks can be designed 
to systematically account for key dimensions of 
uncertainty along the causal chain—a difficult 
task when assessing uncoordinated studies 
from the literature, each with its own choices 
of scenarios and assumptions.

Advancements to Address Research Needs 
from the Third National Climate Assessment
While not an exact analog to this chapter, 
the Third National Climate Assessment 
(NCA3)140 included a Research Needs chapter 

as part of the Response Strategies section 
that recommended five research goals: 1) 
improve understanding of the climate system 
and its drivers, 2) improve understanding of 
climate impacts and vulnerability, 3) increase 
understanding of adaptation pathways, 4) 
identify the mitigation options that reduce 
the risk of longer-term climate change, and 
5) improve decision support and integrated 
assessment.141 Several of these topics have seen 
substantial advancements since publication 
of NCA3, informing our understanding of 
avoided climate risks. For example, research 
findings related to climate system drivers 
and the characterization of uncertainty have 
helped to differentiate the physical and eco-
nomic outcomes along alternative mitigation 
pathways.3,20,30 Enormous growth in impacts, 
adaptation, and vulnerability (IAV) research 
has enabled more robust quantification 
of the relative impacts (avoided damages) 
corresponding to different climate outcomes. 
However, challenges remain in accounting for 
the reduced risks and impacts associated with 
nonlinearities in the climate system, including 
tipping points such as destabilization of the 
West Antarctic ice sheet or rapid methane 
release from thawing permafrost.22,98,142,143 
Mitigation options continue to be studied 
to better understand their potential role in 
meeting different climate targets, and while 
many low-emitting or renewable technologies 
have seen rapid penetration, other strategies 
involving negative-emissions technologies have 
prompted caution due to the challenges of 
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achieving widespread deployment at low cost. 
Adaptation pathways are better understood 
but continue to be a source of uncertainty 
related to understanding climate risk and 
local adaptation decision-making processes. 
Decision support for climate risk management, 
especially under uncertainty, is an area of 
active research,144,145 and despite the limitations 
of integrated assessment models,146,147 they offer 
useful insights for decision-makers.148 

Remaining Knowledge Gaps
Despite ongoing progress, this assessment 
finds that significant knowledge gaps remain 
in many of the research goals and foundational 
crosscutting capabilities identified in NCA3. 
Going forward, it will be critically important 
to reduce uncertainties under different 
mitigation scenarios in 1) avoided sectoral 
impacts, such as agriculture and health, and 2) 
the capacity for adaptation to reduce impacts. 
Gaps in information on social vulnerability 
and exposure continue to hamper progress on 
disaster risk reduction associated with climate 
impacts.51 Directions for future research in 
the climate science and impacts field include 
improved understanding of the avoided/
increased risk of thresholds, tipping points, or 
irreversible outcomes (see Kopp et al. 201722).
Specific examples deserving further study 
include marine ice sheet instability and trans-
formation of specific terrestrial carbon sinks 
into sources of greenhouse gas emissions.149,150 

Gaps remain in quantifying combined impacts 
and natural feedbacks. For example, coral reef 
health includes combined stress/relief from 
changes in local activities (for example, agri-
cultural and other nutrient runoff and fishery 

management), ocean acidification, ocean 
temperature, and the ability of coral species 
to adapt to changing conditions or repeated 
extreme events.151,152 Additional knowledge gaps 
include an understanding of how mitigation 
and adaptation actions affect climate outcomes 
due to interactions in the coupled human–
earth system.142,153

Interdisciplinary collaboration can play a crit-
ical role in addressing these knowledge gaps 
(such as coordinating a research plan across 
physical, natural, and social sciences).52,154 Com-
bining advances in scientific understanding of 
the climate system with scenarios to explore 
socioeconomic responses is expected to lead 
to an improved understanding of the coupled 
human–earth system that can better support 
effective adaptation and mitigation responses. 
Barriers to implementation arise from data 
limits (for example, the need for long-term 
observational records), as well as computation-
al limits that increase model uncertainties.53
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Traceable Accounts

Process Description
The scope for this chapter was determined by the federal Fourth National Climate Assessment 
(NCA4) Steering Committee, which is made up of representatives from the U.S. Global Change 
Research Program (USGCRP) member agencies (see App. 1: Process for more information regarding 
the Steering Committee). The scope was also informed by research needs identified in the Third 
National Climate Assessment (NCA3) and in subsequent gap analyses.155 Prospective authors were 
nominated by their respective agency, university, organization, or peers. All prospective authors 
were interviewed with respect to their qualifications and expertise. Authors were selected to 
represent the diverse perspectives relevant to mitigation, with the final team providing perspec-
tives from federal and state agencies, nonfederal climate research organizations, and the private 
sector. The author team sought public input on the chapter scope and outline through a webinar 
and during presentations at conferences and workshops.

The chapter was developed through technical discussions of relevant evidence and expert delib-
eration by the report authors during extensive teleconferences, workshops, and email exchanges. 
These discussions were informed by the results of a comprehensive literature review, including 
the research focused on estimating the avoided or reduced risks of climate change. The authors 
considered inputs submitted by the public, stakeholders, and federal agencies and improved the 
chapter based on rounds of review by the public, National Academies of Sciences, Engineering, 
and Medicine, and federal agencies. The author team also engaged in targeted consultations 
during multiple exchanges with contributing authors from other chapters of this assessment, as 
well as authors of the Climate Science Special Report (CSSR). For additional information on the 
overall report process, see Appendix 1: Process.

Key Message 1
Mitigation-Related Activities Within the United States

Mitigation-related activities are taking place across the United States at the federal, state, and 
local levels as well as in the private sector (very high confidence). Since the Third National Climate 
Assessment, a growing number of states, cities, and businesses have pursued or deepened initiatives 
aimed at reducing emissions (very high confidence). 

Description of evidence base
Since NCA3, state, local, and tribal entities have announced new or enhanced efforts to reduce 
greenhouse gas (GHG) emissions. While some policies with emissions co-benefits have been 
eliminated, on net there has been an increase in initiatives aimed at reducing emissions. Figure 
29.1 includes several types of state-level efforts and is sourced from Figure ES-3 of the America’s 
Pledge Phase 1 report, the most comprehensive listing of efforts across sectors currently available. 
The underlying state information is sourced from the U.S. Department of Energy, Appliance Stan-
dards Awareness Project, Open Energy Information, Rethink Food Waste Through Economics and 
Data, World Resources Institute, State of New York, California Air Resources Board, University of 
Minnesota, Land Trust Alliance, and the U.S. Forest Service. 
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U.S. state and local carbon pricing programs have increased in number since NCA3.156 The Regional 
Greenhouse Gas Initiative has expanded the depth of emissions reductions activities and is con-
sidering adding transportation to their scope. California’s cap and trade program started in 2012 
and expanded by linking to Quebec and Ontario in 2017. Emissions trading systems are scheduled 
in Massachusetts and under consideration in Virginia.156

U.S. states have both mandatory and voluntary programs that vary in stringency and impact. For 
example, 29 states, Washington, DC, and 3 territories have Renewable Portfolio Standards (RPS; 
https://energy.gov/eere/slsc/renewable-portfolio-standards-resources), which require some 
portion of electricity to be sourced from renewable energy; while 8 states and 1 territory have 
voluntary renewable portfolio goals.42,45 Likewise, 20 states have mandatory statewide Energy 
Efficiency Resource Standards (EERS; https://energy.gov/eere/slsc/energy-efficiency-re-
source-standards-resources), and 8 states have energy efficiency goals.42 While the number of 
states with RPS and EERS policies remains similar to that during NCA3, emissions reductions 
associated with the impact of these policies have and are projected to increase.157 In 2013, 8 states 
initiated an effort to coordinate implementation of their state zero-emission vehicle programs and 
have since taken a wide range of actions.158

Federal budget levels for activities that have reduced GHG have remained steady over recent 
years. There is uncertainty around the implementation of federal initiatives, in part owing to the 
implementation of Executive Order 13783.40,159 Federal energy-related research and development 
have several co-benefits, including reduced emissions.15 

U.S. companies that report through the Carbon Disclosure Project increasingly (although not 
comprehensively) reported board-level oversight on climate issues, which rose from 50% in 2011 
to 71% in 2017. Likewise, 59 U.S. companies recently committed to set science-based emissions 
reduction targets.46 U.S. businesses are increasingly pricing carbon.46,160 Corporate procurement of 
utility-scale solar has grown by an order of magnitude since 2014.47

As indicated in the Education Institutions Reporting Database, a growing number of universities 
have made emissions reduction commitments or deepened existing commitments161 as well as 
publicized the progress on their efforts.162 

Major uncertainties 
Figure 29.1 shows a count of each type of 30 measures across 6 categories, but it does not explore 
the relative stringency or emissions impact of the measures. The size, scope, time frame, and 
enforceability of the measures vary across states. Some state efforts and the majority of city 
efforts are voluntary, and therefore standards for reporting are heterogeneous. Efforts are under-
way to provide a rigorous accounting of the cumulative scale of these initiatives. Data collection 
through the America’s Pledge effort is an ongoing, iterative process and, by necessity, involves 
aggregating different measures into categories. Historically, state, local, and corporate policies 
change on different cycles. 

Description of confidence and likelihood
There is very high confidence that state, local, and private entities are increasingly taking, or are 
committed to taking, GHG mitigation action. Public statements and collated indices show an 

https://energy.gov/eere/slsc/energy-efficiency-resource-standards-resources
https://energy.gov/eere/slsc/energy-efficiency-resource-standards-resources
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upward trend in the number of commitments, as well as the breadth and depth of commitments 
over the past five years. 

Key Message 2
The Risks of Inaction

In the absence of more significant global mitigation efforts, climate change is projected to impose 
substantial damages on the U.S. economy, human health, and the environment (very high confidence). 
Under scenarios with high emissions and limited or no adaptation, annual losses in some sectors are 
estimated to grow to hundreds of billions of dollars by the end of the century (high confidence). It is 
very likely that some physical and ecological impacts will be irreversible for thousands of years, while 
others will be permanent (very high confidence).

Description of evidence base 
Recent scientific and economic advances are improving the ability to understand and quantify the 
physical and economic impacts of climate change in the United States, including how those risks 
can be avoided or reduced through large-scale GHG mitigation. While the projected impacts of 
climate change across sectors and regions are well documented throughout this assessment, sev-
eral multisector modeling projects are enabling the comparison of effects through the use of con-
sistent scenarios and assumptions.2,3,4,5 A well-recognized conclusion from the literature produced 
by these projects is that climate change is projected to adversely affect the U.S. economy, human 
health, and the environment, each of which is further detailed below. These estimated damages 
increase over time, especially under a higher scenario (RCP8.5). For sectors where positive effects 
are observed in some regions or for specific time periods (for example, reduced mortality from 
extreme cold temperatures or beneficial effects on crop yields), the effects are typically dwarfed 
by changes happening overall within the sector or at broader scales (for example, comparatively 
larger increases in mortality from extreme heat or many more crops experiencing adverse 
effects).2,3,4,5 In Figure 29.2, wildfire is the only sector showing positive effects, a result driven in 
this particular study by projected shifts to vegetation with longer fire return intervals.2 However, it 
is important to note that the analysis underlying this result did not quantify the broader economic 
effects associated with these vegetative shifts, including ecosystem disruption and changes to 
ecosystem services. See Chapter 6: Forests for a discussion on the weight of evidence regarding 
projections of future wildfire activity, which generally show increases in annual area burned over 
time. See Chapter 25: Southwest for a discussion on aridification toward the end of this century 
under high emissions.

There is robust and consistent evidence that climate change is projected to adversely affect many 
components of the U.S. economy. Increasing temperatures, sea level rise, and changes in extreme 
events are projected to affect the built environment, including roads, bridges, railways, and coastal 
development. For example, coastal high tide flooding is projected to significantly increase the 
hours of delay for vehicles.163 Annual damages to coastal property from sea level rise and storm 
surge, assuming no adaptation, are projected to range in the tens to hundreds of billions of dollars 
by the end of the century under RCP8.5 (Ch. 8: Coastal).2,5 Projected annual repair costs in order 
for roads, bridges, and railways to maintain levels of service in light of climate change range in 
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the billions to tens of billions of dollars under RCP8.5.2,164 Numerous studies suggest that regional 
economies can also be at risk, especially when they are tied to environmental resources or ecosys-
tem services that are particularly vulnerable to climate change. For example, projected declines in 
coral reef-based recreation152,165,166 would lead to decreases in tourism revenue; shorter seasons for 
winter recreation would likely lead to the closure of ski areas and resorts;167,168,169,170 and increased 
risks of harmful algal blooms can limit reservoir recreation (Ch. 3: Water).171,172

An increasing body of literature indicates that impacts to human health are likely to have some 
of the largest effects on the economy. Studies consistently indicate that climate-driven changes 
to morbidity and mortality can be substantial.72,100,173,174,175,176 In some sectors, the value of health 
damages is estimated to reach hundreds of billions of dollars per year under RCP8.5 by the end 
of the century. A large fraction of total health damages is due to mortality, quantified using the 
Value of a Statistical Life (VSL) approach based on standard VSL values used in federal government 
regulatory analysis.177 For example, annual damages associated with extreme temperature-related 
deaths are estimated at $140 billion by the end of the century under RCP8.5, while lost wages 
from extreme temperatures, especially for outdoor industries, are projected at $160 billion per 
year by 2090.2 Adaptive actions, including physiological adaptation and increased availability of 
air conditioning, are projected to reduce extreme temperature mortality by approximately half; 
however, the implementation costs of those adaptations were not estimated. Although less studied 
compared to the research on the direct effects of temperature on health, climate-driven impacts 
to air quality72,178 and aeroallergens173,179 are also projected to have large economic effects, due to 
increases in medical expenditures (such as emergency room visits) and premature mortality (Ch. 
13: Air Quality).

Multiple lines of research have also shown that some climate change impacts will very likely be 
irreversible for thousands of years. For some species, the rate and magnitude of climate change 
projected for the 21st century is projected to increase the risk of extinction or extirpation (local-
scale extinction) from the United States.180,181,182,183 Coral reefs, coldwater fish, and high-elevation 
species are particularly vulnerable (Ch. 9: Oceans; Ch. 7: Ecosystems). The rapid and widespread 
climate changes occurring in the Arctic and Antarctic are leading to the loss of mountain glaciers 
and shrinking continental ice sheets.69,184 The contribution of this land ice volume to the rate of 
global sea level rise is projected to affect U.S. coastlines for centuries (Ch. 8: Coastal).19,30,185

Major uncertainties 
This Key Message reflects consideration of the findings of several recent multisector modeling 
projects (e.g., Hsiang et al. 2017, O’Neill et al. 2017, EPA 2017, Houser et al. 2015 2,3,4,5) released since 
NCA3. Despite these improvements to quantify the physical and economic impacts of climate 
change across sectors, uncertainty exists regarding the ultimate timing and magnitude of changes, 
particularly at local to regional scales. The sources of uncertainty vary by sector and the modeling 
approaches applied. Each approach also varies in its capacity to measure the ability of adaptation 
to reduce vulnerability, exposure, and risk. While the coverage of impacts has improved with 
recent advancements in the science, many important climate change effects remain unstudied, as 
do the interactions between sectors (Ch. 17: Complex Systems).85 Finally, as climate conditions pass 
further outside the natural variability experienced over past several millennia, the odds of crossing 
thresholds or tipping points (such as the loss of Arctic summer sea ice) increase, though these 
thresholds are not well represented in current models.22,142
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Description of confidence and likelihood
There is very high confidence that climate change is projected to substantially affect American live-
lihoods and well-being in the future compared to a future without climate change. The evidence 
supporting this conclusion is based on agreement across a large number of studies analyzing 
impacts across a multitude of sectors, scenarios, and regions. The literature clearly indicates that 
the adverse impacts of climate change are projected to substantially outweigh the positive effects. 
Although important uncertainties exist that affect our understanding of the timing and magnitude 
of some impacts, there is very high confidence that some effects will very likely lead to changes 
that are irreversible on human timescales. 

Key Message 3
Avoided or Reduced Impacts Due to Mitigation

Many climate change impacts and associated economic damages in the United States can be 
substantially reduced over the course of the 21st century through global-scale reductions in 
greenhouse gas emissions, though the magnitude and timing of avoided risks vary by sector and 
region (very high confidence). The effect of near-term emissions mitigation on reducing risks is 
expected to become apparent by mid-century and grow substantially thereafter (very high confidence).

Description of evidence base 
There are multiple lines of research and literature available to characterize the effect of large-
scale GHG mitigation in avoiding or reducing the long-term risks of climate change in the United 
States. Recent multisector impacts modeling projects, all of which feature consistent sets of 
scenarios and assumptions across analyses, provide improved capabilities to compare impacts 
across sectors and regions, including the effect of global GHG mitigation in avoiding or reducing 
risks.2,3,4,5 The results of these coordinated modeling projects consistently show reductions in 
impacts across sectors due to large-scale mitigation. For most sectors, this effect of mitigation 
typically becomes clear by mid-century and increases substantially in magnitude thereafter. 
In some sectors, mitigation can provide large benefits. For example, by the end of the century, 
reduced climate change under a lower scenario (RCP4.5) compared to a higher one (RCP8.5) avoids 
(on net, and absent additional risk reduction through adaptation) thousands to tens of thousands 
of deaths per year from extreme temperatures,2,5  hundreds to thousands of deaths per year from 
poor air quality,2,72 and the loss of hundreds of millions of labor hours.2,3,5

Beyond these multisector modeling projects, an extensive literature of sector-specific studies 
compares impacts in the United States under alternative scenarios. A careful review of these 
studies, especially those published since the Third National Climate Assessment, finds strong and 
consistent support for the conclusion that global GHG mitigation can avoid or reduce the long-
term risks of climate change in the United States. For example, mitigation is projected to reduce 
the risk of adverse impacts associated with extreme weather events,29,186 temperature-related 
health effects,99,100,175 agricultural yields,187,188,189 and wildfires.73,190,191

The finding that the magnitude and timing of avoided risks vary by sector and region, as well as 
due to changes in socioeconomics and adaptive capacity, is consistently supported by the broad 
literature base of multisector analyses (e.g., Hsiang et al. 2017, O’Neill et al. 2017, EPA 2017, Houser 
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et al. 20152,3,4,5) and focused sector studies (e.g., Melvin et al. 2016, Neumann et al. 201471,77). Complex 
spatial patterns of avoided risks are commonly observed across sectors, including for human 
health effects (e.g., Fann et al. 2015, Sarofim et al. 2016 100,178), agriculture (e.g., Beach et al. 2015 192), 
and water resources (e.g., Chapra et al. 2017, Wobus et al. 2017, EPA 2013167,171,193).

The weight of evidence among studies in the literature indicates that the difference in climate 
impact outcomes between different scenarios is more modest through the first half of the centu-
ry,2,4,5,9 as the human-forced response may not yet have emerged from the noise of natural climate 
variability.6 In evaluating and quantifying multisector impacts across alternative scenarios, the 
literature generally shows that the effect of near-term mitigation in avoiding damages increases 
substantially in magnitude after 2050.2,4,5 For example, mitigation under RCP4.5 is projected to 
reduce the number of premature deaths and lost labor hours from extreme temperatures by 24% 
and 21% (respectively) by 2050, and 58% and 48% by 2090.2 For coastal impacts, where inertia 
in the climate system leads to smaller differences in rates of sea level rise across scenarios, 
the effects of near-term mitigation only become evident toward the end of the century (Ch. 8: 
Coastal).2,5,19

Major uncertainties 
Quantifying the multisector impacts of climate change involves a number of analytic steps, each 
of which has its own potential sources of uncertainty. The timing and magnitude of projected 
future climate change are uncertain due to the ambiguity introduced by human choices, natural 
variability, and scientific uncertainty, which includes uncertainty in both scientific modeling and 
climate sensitivity. One of the most prominent sources involves the projection of climate change 
at a regional level, which can vary based on assumptions about climate sensitivity, natural variabil-
ity, and the use of any one particular climate model. Advancements in the ability of climate models 
to resolve key aspects of atmospheric circulation, improved statistical and dynamic downscaling 
procedures, and the use of multiple ensemble members in impact analyses have all increased 
the robustness of potential climate changes that drive impact estimates described in the recent 
literature. However, key uncertainties and challenges remain, including the structural differences 
between sectoral impact models, the ability to simulate future impacts at fine spatial and temporal 
resolutions, and insufficient approaches to quantify the economic value of changes in nonmarket 
goods and services.85 In addition, the literature on economic damages of climate change in the 
United States is incomplete in coverage, and additional research is needed to better reflect future 
socioeconomic change, including the ability of adaptation to reduce risk.

Description of confidence and likelihood
There is very high confidence that large-scale reductions in GHG emissions throughout the 21st 
century are projected to reduce the level of climate change projected to occur in the United 
States, along with the adverse impacts affecting human health and the environment. Across the 
literature, there are limited instances where mitigation, compared to a higher emissions scenario, 
does not provide a net beneficial outcome for the United States. While the content of this chapter 
is primarily focused on the 21st century, confidence in the ability of mitigation to avoid or reduce 
impacts improves when considering impacts beyond 2100.
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Key Message 4
Interactions Between Mitigation and Adaptation

Interactions between mitigation and adaptation are complex and can lead to benefits, but they also 
have the potential for adverse consequences (very high confidence). Adaptation can complement 
mitigation to substantially reduce exposure and vulnerability to climate change in some sectors (very 
high confidence). This complementarity is especially important given that a certain degree of climate 
change due to past and present emissions is unavoidable (very high confidence). 

Description of evidence base 
Global-scale reductions in GHG emissions are projected to reduce many of the risks posed by 
climate change. However, Americans are already experiencing, and will continue to experience, 
impacts that have already been committed to because of past and present emissions.5,9 In addition, 
multisector modeling frameworks demonstrate that mitigation is unlikely to completely avoid the 
adverse impacts of climate change.2,3,4,5,27 These factors will likely necessitate widespread adapta-
tion to climate change (Ch. 28: Adaptation); an expanding literature consistently indicates poten-
tial for the reduction of long-term risks and economic damages of climate change.2,4,5,194 However, 
it is important to note that adaptation can require large up-front costs and long-term commit-
ments for maintenance (Ch. 28: Adaptation), and uncertainty exists in some sectors regarding the 
applicability and effectiveness of adaptation in reducing risk.101

Because of adaptation’s ability to reduce risk in ways that mitigation cannot, and vice versa, the 
weight of the evidence shows that the two strategies can act as complements. Several recent 
studies jointly model the effects of mitigation and adaptation in reducing overall risk to the 
impacts of climate change in the United States, focusing on infrastructure (e.g., Larsen et al. 
2017, Melvin et al. 2016, Neumann et al. 2014 71,77,195) and agriculture (e.g., Kaye and Quemada 2017, 
Challinor et al. 2014, Lobell et al. 2013 108,109,111). Exploration of this mitigation and adaptation nexus 
is also advancing in the health sector, with both mitigation and adaptation (such as behavioral 
changes or physiological acclimatization) being projected to reduce deaths from extreme tem-
peratures100 in both the higher and lower emissions scenarios that are the focus of this chapter. 
Similarly, energy efficiency investments are reducing GHG emissions and operating costs and 
improving resilience to future power interruptions from extreme weather events (Ch. 14: Human 
Health). While more studies exploring the joint effects of mitigation and adaptation are needed, 
recent literature finds that combined mitigation and adaptation actions can substantially reduce 
the risks posed by climate change in several sectors.2,103,104 However, several studies highlight that 
mitigation and adaptation can also interact negatively. While these studies are more limited in the 
literature, sectors exhibiting potential negative co-effects from mitigation and adaptation include 
the bioenergy–water resource nexus114 and changes in electricity demand and supply in response 
to increased use of air conditioning.2,117

Major uncertainties 
It is well understood that adaptation will likely reduce climate risks and that adaptation and miti-
gation interact. However, there are uncertainties regarding the magnitude, timing, and regional/
sectoral distribution of these effects. Developing a full understanding of the interaction between 
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mitigation and adaptation, with detailed accounting of potential positive and negative co-effects, 
is an important research objective that is only beginning to be explored in the detail necessary 
to inform effective implementation of these policies. Quantifying the effectiveness of adaptation 
requires detailed analyses regarding the timing and magnitude of how climate is projected to 
affect people living in the United States and their natural and built environments. As such, the 
uncertainties described under Key Messages 1 and 2 are also relevant here. Further, uncertainty 
exists regarding the effectiveness of adaptation measures in improving resilience to climate 
impacts. For some sectors, such as coastal development, protection measures (for example, 
elevating structures) have been well studied and implemented to reduce risk. However, the effec-
tiveness of adaptation in other sectors, such as the physiological response to more intense heat 
waves, is only beginning to be understood. 

Description of confidence and likelihood
There is very high confidence that the dual strategies of mitigation and adaptation being taken at 
national, regional, and local levels provide complementary opportunities to reduce the risks posed 
by climate change. Studies consistently find that adaptation would be particularly important for 
impacts occurring over the next several decades, a time period in which the effects of large-scale 
mitigation would not yet be easily recognizable. However, further analysis is needed to help 
resolve uncertainties regarding the timing and magnitude of adaptation, including the potential 
positive and negative co-effects with mitigation.
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