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he Earth’s changing climate is affecting human health and the environment in many 
ways. Across the United States (U.S.), temperatures are rising, snow and rainfall patterns 
are shifting, and extreme climate events are becoming more common. Scientists are 

confident that many of the observed changes in the climate are caused by the increase in  
greenhouse gases (GHGs) in the atmosphere. As GHG emissions from human activities increase, 
many climate change impacts are expected to increase in both magnitude and frequency over  
the coming decades, with risks to human health, the economy, and the environment. 

Actions can be taken now to reduce GHG emissions and avoid many of the adverse impacts of 
climate change. Quantifying the benefits of reducing GHG emissions (i.e., how GHG mitigation 
reduces or avoids impacts) requires comparing projections of climate change impacts and dam-
ages in a future with policy actions and a future without policy actions. Looking across a large 
number of sectors, this report communicates estimates of these benefits to the U.S. associated 
with global action on climate change.

T
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Introduction

About this Report
This report summarizes and communicates the results of EPA’s ongoing Climate Change Impacts and Risk Analysis (CIRA) project. 
The goal of this work is to estimate to what degree climate change impacts and damages to multiple U.S. sectors (e.g., human 
health, infrastructure, and water resources) may be avoided or reduced in a future with significant global action to reduce GHG 
emissions, compared to a future in which current emissions continue to grow. Importantly, only a small portion of the impacts of 
climate change are estimated, and therefore this report captures just some of the total benefits of reducing GHGs.

To achieve this, a multi-model framework was developed to estimate the impacts and damages to the human health and 
welfare of people in the U.S. The CIRA framework uses consistent inputs (e.g., socioeconomic and climate scenarios) to enable 
consistent comparison of sectoral impacts across time and space. In addition, the role of adaptation is modeled for some of the 
sectors to explore the potential for risk reduction and, where applicable, to quantify the costs associated with adaptive actions.

The methods and results of the CIRA project have been peer reviewed in the scientific literature, including a special issue of 
Climatic Change entitled, “A Multi-Model Framework to Achieve Consistent Evaluation of Climate Change Impacts in the United 
States.”1 The research papers underlying the modeling and results presented herein are cited throughout this report and are listed 
in Section B of the Technical Appendix.

Interpreting the Results
This report presents results from a large set of sectoral impact 
models that quantify and monetize climate change impacts in 
the U.S., with a primary focus on the contiguous U.S., in futures 
with and without global GHG mitigation. The CIRA analyses are 
intended to provide insights about the potential direction and 
magnitude of climate change impacts and the benefits (avoided 
impacts) to the U.S. of global emissions reductions. However, 
none of the estimates presented in this report should be 
interpreted as definitive predictions of future impacts at a 
particular place or time. 

The CIRA analyses do not evaluate or assume specific GHG 
mitigation or adaptation policies in the U.S. or in other world 
regions. Instead, they consider plausible scenarios to illustrate 
potential benefits of significant GHG emission reductions 
compared to a business-as-usual future. The results should not 
be interpreted as supporting any particular domestic or global 
mitigation policy or target. A wide range of global mitigation 
scenarios could be modeled in the CIRA framework,2 and results 
would vary accordingly. For ease of communicating results, 
however, this report focuses on a future where the increase in 
average global temperature is limited to approximately 2°C 
(3.6°F) above preindustrial levels—a goal relevant to interna-
tional discussions on GHG emission reductions.3 

This report includes as many climate change impacts as 
feasible at present, but is not all-inclusive. It is not intended  
to be as comprehensive as major assessments, such as those 
conducted by the U.S. Global Change Research Program 
(USGCRP), which capture a wider range of impacts from the 
published literature.4 By using a consistent set of socioeco-
nomic and climate scenarios, CIRA produces apples-to-apples 
comparisons of impacts across sectors and regions—some-
thing that is not always achieved, or even sought, in the  
major assessments. Also, the assessments typically do not 
monetize damages, nor do they focus on quantifying mitiga-
tion benefits. CIRA’s ability to estimate how global GHG 
mitigation may benefit the U.S. by reducing or avoiding 
climate change impacts helps to fill an important literature 
and knowledge gap. 

The CIRA analyses do not serve the same analytical purpose 
nor use the same methodology as the Social Cost of Carbon 
(SCC), an economic metric quantifying the marginal global 
benefit of reducing one ton of carbon dioxide (CO2).5 In 
addition, the costs of reducing GHG emissions,6 and the health 
benefits associated with co-reductions in other air pollutants, 
are well-examined elsewhere in the literature7 and are beyond 
the scope of this report.
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Introduction

Provides an overview of key findings and highlights of the report. 

Introduces the CIRA project, describes and briefly presents the climate projections used in the 
analyses, and discusses key uncertainties and boundaries of analysis.

Summarizes the major findings of each of the 20 impact analyses within the six broad sectors 
listed to the left, including: 
•  Background on the impact being estimated, along with a brief summary of the analytical 

approach to estimating the impact;
•  Key findings and graphics depicting the risks of inaction and the benefits of global-scale  

GHG mitigation; and 
• References to the underlying peer-reviewed research upon which these estimates are based.

Presents national and regional highlights from the 20 sectoral impact analyses.

Describes the over-arching conclusions of the report. 

•  Provides a list of all peer-reviewed research papers underlying the CIRA project;
•  Provides comparisons of key CIRA findings to those of the assessment literature; and
• Describes the treatment of adaptation across the sectoral analyses. 

Roadmap to the Report
SUMMARY OF  
KEY FINDINGS 

CIRA FRAMEWORK

SECTORS
Health

Infrastructure
Electricity 

Water Resources
Agriculture and Forestry

Ecosystems

OVERVIEW OF  
RESULTS

CONCLUSION

TECHNICAL APPENDIX
(available at www.epa.gov/cira)

http://www.epa.gov/cira


6

Summary of Key Findings

Global GHG  
Mitigation Avoids 
Costly Damages  
in the U.S.
For nearly all sectors 
analyzed, global GHG 
mitigation is projected to 
prevent or substantially 
reduce adverse impacts  
in the U.S. this century 
compared to a future 
without emission reduc-
tions. For many sectors,  
the projected benefits of 
mitigation are substantial; 
for example, in 2100 
mitigation is projected to 
result in cost savings of 
$4.2-$7.4 billion associated 
with avoided road mainte-
nance. Global GHG mitigation is also projected to avoid the loss of 230,000-360,000 acres of 
coldwater fish habitat across the country compared to a future without emissions reductions. 

limate change poses significant risks to humans and the environment. The 
CIRA project quantifies and monetizes the risks of inaction and benefits to the 
U.S. of global GHG mitigation within six broad sectors (water resources, electricity, 

infrastructure, health, agriculture and forestry, and ecosystems). Looking across the 
impact estimates presented in this report, several common themes emerge.1

Global GHG  
Mitigation Reduces 
the Frequency of  
Extreme Weather 
Events and  
Associated Impacts
Global GHG mitigation is 
projected to have a substantial 
effect on reducing the 
incidence of extreme tem-
perature and precipitation 
events by the end of the 
century, as well as the impacts 
to humans and the environ-
ment associated with these 
extreme events.2 For example, 
by 2100 mitigation is project-
ed to avoid 12,000 deaths 
annually associated with 
extreme temperatures in 49 
U.S. cities, compared to a 
future with no emission 
reductions. Inclusion of the 
entire U.S. population would 
greatly increase the number 
of avoided deaths, while 
accounting for adaptation 
could reduce this number.

The Benefits of GHG Mitigation Increase over Time
For a large majority of sectors analyzed, the 
benefits of GHG mitigation are projected to  
be greater in 2100 than in 2050. In addition, 
the benefits of GHG mitigation are often not 
apparent until mid-century. This delay in 
benefits is consistent with many studies,3 and 
is attributable to inertia in the climate system. 
Therefore, decisions we make today can have 
long-term effects, and delaying action will 
likely increase the risks of significant and costly 
impacts in the future.

C
y y g
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Summary of Key Findings
Adaptation Can Reduce Overall  
Damages in Certain Sectors
Adaptation can substantially reduce certain impacts of 
climate change regardless of whether future GHG levels are 
low or high. For example, the estimated damages to coastal 
property from sea level rise and storm surge in the contigu-
ous U.S. are $5.0 trillion through 2100 (discounted at 3%4) in 
a future without emission reductions. When cost-effective 
adaptation along the coast is included, the estimated damag-
es are reduced to $810 billion.

Impacts Vary across Time and Space
Important regional changes may be masked when results are presented at the national level. For example, the wildfire analysis 
reveals that the projected changes in the Southwest and Rocky Mountain regions are the primary drivers of national trends of 
increasing wildfire activity over time. 

The temporal scale of climate change impacts is also important. While some impacts are likely to occur gradually over time, 
others may exhibit threshold (tipping point) responses to climate change, as large changes manifest over a short period of time. 
For example, high-temperature bleaching events projected to occur by 2025 are estimated to severely affect coral reefs in the 
Caribbean. Therefore, simply analyzing an impact in one time period (e.g., 2100) may mask important temporal dynamics that are 
relevant to decision makers.
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 Estimated Benefits to the U.S. in 2100 of Reducing Global GHG Emissions

* Monetary estimates for this summary are presented for either 2050 or 2100 only, and are undiscounted (2014$). See the Sectors section for the use of discounting throughout this report. 
†  Estimated range of results relies upon climate projections from two climate models showing different patterns of precipitation in the U.S. The IGSM-CAM projects a relatively “wetter” future for most of the U.S. 

compared to the drier MIROC model (see the CIRA Framework section of this report for more information). 

This graphic presents a selection of the estimated benefits of global GHG mitigation in 2100 for major U.S. 
sectors. Unless otherwise noted, the results presented below are estimates of annual benefits (or disbenefits)  
of mitigation in the year 2100.* Importantly, only a small portion of the impacts of climate change are estimated, 
and therefore this report captures just some of the total benefits of reducing GHGs.

SUMMARY OF KEY FINDINGS 

COASTAL PROPERTY

Approximately $3.1  
billion in avoided  

damages and  
adaptation costs from 

sea level rise and 
storm surge in 2100

ELECTRICITY 
DEMAND

An avoided 
increase in 

electricity demand 
of 1.1%-4.0%  

in 2050‡

ELECTRICITY 
SUPPLY

An  
estimated 
$10-$34 
billion in 

savings on 
power  

system costs 
in 2050‡

BRIDGES
An estimated 

720-2,200 fewer 
bridges made 

structurally 
vulnerable  

in 2100†

ROADS
An estimated 

$4.2-$7.4 billion  
in avoided 

adaptation costs 
in 2100†

INFRASTRUCTURE

ELECTRICITY

AIR QUALITY
An estimated 57,000 

fewer deaths from 
poor air quality 

in 2100

EXTREME TEMPERATURE

In 49 major U.S. cities, 
an estimated  

12,000 fewer deaths 
from extreme  

temperature in 2100

LABOR  
Approximately 

$110 billion  
in avoided 

damages from 
lost labor due  

to extreme 
temperatures  

in 2100

WATER QUALITY
An estimated 

$2.6-$3.0 billion 
in avoided 

damages from 
poor water 

quality in 2100†

HEALTH

URBAN DRAINAGE
In 50 U.S. cities, an 

estimated $50 
million-$6.4 billion in 
avoided adaptation 

costs in 2100†

g
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 Estimated Benefits to the U.S. in 2100 of Reducing Global GHG Emissions

DROUGHT

An estimated  
40%-59% fewer  

severe and extreme 
droughts in 2100†

FORESTRY
An estimated 

$520 million to 
$1.5 billion  
in avoided 

damages to 
forestry in 2100

SUPPLY &  
DEMAND

An estimated  
$11-$180 billion in 
avoided damages 

from water  
shortages in key 

economic sectors  
in 2100† 

WATER RESOURCES

INLAND  
FLOODING

Estimates range 
from approximately 

$2.8 billion in 
avoided damages to 

$38 million in 
increased damages 

in 2100†

CARBON 
STORAGE

An estimated  
1.0-26 million 
fewer tons of 
carbon stored  
in vegetation  

in 2100†§

FRESHWATER 
FISH

An estimated 
230,000-360,000 

acres of cold- 
water fish habitat  

preserved  
in 2100†

WILDFIRE
An estimated  
6.0-7.9 million 

fewer acres 
burned by 
wildfires in 

2100†

ECOSYSTEMS

SHELLFISH
An avoided loss of 

approximately 
34% of the U.S. 

oyster supply, 37% 
of scallops, and 

29% of clams  
in 2100

CORAL REEFS

An avoided loss  
of approximately  

35% of current  
Hawaiian coral in 

2100, with a  
recreational value  

of $1.1 billion

‡  Results reflect the estimated range of benefits from the reduction in demand and system costs resulting from lower temperatures associated with GHG mitigation. The Electricity section in this report presents an analysis 
that includes the costs to the electric power sector of reducing GHG emissions. 

§ See the Carbon Storage section of this report for cumulative results from 2000-2100, which show benefits of GHG mitigation for parts, and in some cases all, of the century. 

AGRICULTURE

An  
estimated 
$6.6-$11 

billion in 
avoided 

damages to 
agriculture  

in 2100

AGRICULTURE AND FORESTRY

For detailed information on the results, please refer to the Sectors section of this report. 

g
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• Temperature
• Precipitation
• Sea level rise
• CO2 concentration
• Sea surface temperature

• Cloud cover
• Wind speed
• Relative humidity
• Solar radiation

Two scenarios are used throughout this report: 

• Business as usual or the “Reference” scenario 

• Global emissions reductions or the “Mitigation” scenario

STEP 1 | DESIGN GHG EMISSIONS SCENARIOS STEP 2 | PROJECT FUTURE CLIMATE

CIRA Framework

GHG emissions from human activities, and 
the resulting climate change impacts and 
damages, depend on future socioeconomic 
development (e.g., population growth, 
economic development, energy sources, and 
technological change). Emissions scenarios 
provide scientifically credible starting points 
for examining questions about an uncertain 
future and help us visualize alternative 
futures.2 They are neither forecasts nor 
predictions, and the report does not assume 
that any scenario is more or less likely than 
another. GHG emissions scenarios are 
illustrations of how the release of different 
amounts of climate-altering gases and 
particles into the atmosphere will produce 
different climate conditions in the U.S. and 
around the globe.

To allow for a better understanding of the 
potential benefits of global-scale GHG 
mitigation, the CIRA results presented in this 
report consider two emissions scenarios (see 
Table 1): a business-as-usual future in which 
GHG emissions continue to increase  
unchecked (referred to as the Reference 
scenario), and a mitigation scenario in which 
global GHG emissions are substantially 
reduced (referred to as the Mitigation 
scenario).3, 4 These scenarios were developed 
using the Massachusetts Institute of Technolo-
gy’s Emissions Predictions and Policy Analysis 
(EPPA) model,5 the human systems compo-
nent within the Integrated Global System 
Model (IGSM). EPPA provides projections of 
world economic development and emissions, 
including analysis of proposed emissions 

he primary goal of the CIRA project is to estimate the degree to which climate change 
impacts in the U.S. are avoided or reduced in the 21st century under significant global GHG mitigation. 
The CIRA framework is designed to assess the physical impacts and economic damages of climate 

change in the U.S. In this report, the benefits (or disbenefits) of global GHG mitigation are assessed as the 
difference between the impacts in futures with and without mitigation policy, using multiple models driven by  

1| Design GHG Emissions Scenarios 

T

Table 1. Characteristics of the Reference and Mitigation Scenarios in 2100

control measures. These measures include, for 
example, limiting GHGs from major emitting 
sectors, such as electricity production and 
transportation. EPPA-IGSM, along with a 
linked climate model, provide a consistent 
framework to develop GHG emission and 
climate scenarios for impacts assessment. 

Table 1 provides information on the 
characteristics of each emissions scenario in 
2100. Similar to the Representative Concen-
tration Pathways (RCPs) used by the Intergov-
ernmental Panel on Climate Change (IPCC) in 
its Fifth Assessment Report,6 the CIRA 
scenarios are based on different trajectories 
of GHG emissions and radiative forcing—a 
metric of the additional heat added to the 
Earth’s climate system caused by anthropo-
genic and natural emissions. 

Figure 1 compares the two primary CIRA 
scenarios used throughout this report to the 
RCPs, showing that these scenarios fall within 
the range of IPCC's latest projections. The 

CIRA emissions scenarios provide illustrations 
for analytical comparison and do not 
represent specific policies. For more informa-
tion about the design of these scenarios, 
please refer to Paltsev et al. (2013).7

BUSINESS AS USUAL 
“REFERENCE”

GLOBAL EMISSIONS REDUCTIONS  
“MITIGATION”

9.8 W/m2 (8.6 W/m2)

~2.5 x 2005 levels 

826 ppm

1750 ppm

3.6 W/m2 (3.2 W/m2)

~0.28 x 2005 levels 

462 ppm

500 ppm

GHG RADIATIVE FORCING (IPCC/RCP METHOD)

GLOBAL GHG EMISSIONS

ATMOSPHERIC CO2 CONCENTRATION

ATMOSPHERIC GHG CONCENTRATION (CO2 EQUIVALENT)
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HEALTH
• Air quality
•  Extreme temperature 
• Labor
• Water quality

INFRASTRUCTURE
• Bridges
• Roads
• Urban drainage
•  Coastal property

ELECTRICITY
• Electricity demand
• Electricity supply
 

WATER  
RESOURCES
• Inland flooding
• Drought
•  Water supply and 

demand 

AGRICULTURE 
AND FORESTRY
•  Crop and forest yields
• Market impacts

ECOSYSTEMS
• Coral reefs
• Shellfish
• Freshwater fish
• Wildfire
• Carbon storage

STEP 3 | ANALYZE SECTORAL IMPACTS

CIRA Framework
a consistent set of climatic, socioeconomic, and technological scenarios. A three-step approach for assessing 
benefits includes developing GHG emissions scenarios; simulating future climate under these scenarios; and 
applying these projections in a series of coordinated impacts analyses encompassing six sectors (health, 
infrastructure, electricity, water resources, agriculture and forestry, and ecosystems). For more information 
on the objectives and design of the CIRA framework, please refer to Martinich et al. (2015).1 

To simulate future climate in the U.S., CIRA primarily uses the IGSM-CAM framework, which 
links the IGSM to the National Center for Atmospheric Research’s Community Atmosphere 
Model (CAM). The IGSM-CAM simulates changes in a large number of climate variables, such 
as temperature and precipitation, at various temporal scales. Other outputs include: sea level 
rise, atmospheric CO2 concentration, cloud cover, wind speed, relative humidity, and solar 
radiation.10 The CIRA climate projections are briefly described in the following pages of this 
report. As described in the Levels of Certainty section, results using other climate models 
with different patterns of projected precipitation are compared to the IGSM-CAM results for 
sectoral analyses that are sensitive to changes in precipitation (e.g., drought and flooding). 
Specifically, results under the IGSM-CAM projections, which estimate a wetter future for most 
of the contiguous U.S., are complemented with drier projections to investigate the influence 
on impact estimates. Additional information on the development and characteristics of the 
CIRA climate projections can be found in Monier et al. (2014).11

2 | Project Future Climate 

3 | Analyze Sectoral Impacts
This report analyzes 20 specific climate change impacts in the U.S., which are categorized 
into six broad sectors (health, infrastructure, electricity, water resources, agriculture and 
forestry, and ecosystems). The impacts were selected based on the following criteria: 
sufficient understanding of how climate change affects the sector; the existence of data to 
support the methodologies; availability of modeling applications that could be applied in 
the CIRA framework; and the economic, iconic, or cultural significance of impacts and 
damages in the sector to the U.S. It is anticipated that the coverage of sectoral impacts in 
the CIRA project will expand in future work. 

To quantify climate change impacts in each sector, process-based or statistical models 
were applied using the socioeconomic and climate scenarios described above. This 
approach, which ensures that each model is driven by the same inputs, enables consistent 
comparison of impacts across sectors and in-depth analysis across regions and time. Many 
of the analyses explore the potential for adaptation to reduce risks and quantify the costs 
associated with adaptive actions (see the Sectors section of this report and Section D of the 
Technical Appendix for more information).12 Lastly, the CIRA analyses investigate key 
sources of variability in projecting future climate, as further discussed in the Levels of 
Certainty section.

Figure 1. Comparison of CIRA  
Scenarios to the IPCC RCPs8

1c. CO2 Concentration

1b. Radiative Forcing9

1a. GHG Emissions



Temperature Projections
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Temperature Change in the U.S. 
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Global mean temperature under the CIRA Reference scenario is projected to increase by over 9°F by 2100 
(Figure 1). This estimated increase is consistent with the USGCRP Third National Climate Assessment, which 
projects a range of 5-11°F by 2100.13,14 To help illustrate the magnitude of such a change in global mean 
temperature, the last ice age, which covered the northern contiguous U.S. with ice sheets, was approximately 
9°F cooler than today. While some areas will experience greater increases than others, Figure 1 presents the 

average change that is projected to 
occur across the globe under the 

Under the Reference scenario, the largest increases in average temperature across the contiguous U.S. by 2100 are projected to occur in the 
Mountain West—up to a 14°F increase from present-day average temperature (Figure 2). The northern regions are also likely to see larger 
temperature increases than the global average (up to 12°F, compared to a global average of 9.3°F), while the Southeast is projected to experience 
a relatively lower level of overall warming (but comparable to the global average increase). Under the Mitigation scenario, temperature increases 
across the country are far lower compared to the Reference, with no regions experiencing increases of more than 4°F.

Figure 2. Distribution of Temperature Change with and without Global GHG Mitigation
Change in annual mean surface air temperature relative to present-day (1980-2009 average) for IGSM-CAM under the Reference and Mitigation scenarios (CS 3°C). 

Global Temperature Change

CIRA FRAMEWORK

Limiting Future 
Warming to 2°C 
Limiting the future increase in 
global average surface tempera-
ture to below 2°C (3.6°F) above 
preindustrial levels is a common-
ly regarded goal for avoiding 
dangerous climate change 
impacts.16 Global temperatures, 
however, have already warmed 
0.85°C (1.5°F) from preindustrial 
times.17,18 The level of global GHG 
mitigation achieved under the 
CIRA Mitigation scenario is 
consistent with the amount 
required to meet the 2°C target 
(Figure 1),19 and therefore the 
estimates presented in this 
report describing the potential 
benefits to the U.S. of global 
GHG mitigation are a reasonable 
approximation of the benefits 
that would result from meeting 
this goal. 

Reference and Mitigation scenarios. 
As shown, temperatures in the 
Mitigation scenario eventually 
stabilize, though due to the inertia of 
the climate system, stabilization is 
not reached until several decades 
after the peak in radiative forcing. 
The Reference scenario continues to 
warm, reaching a temperature 
increase of almost five times that of 
the Mitigation scenario by the end of 
the century. This demonstrates that 
significant GHG mitigation efforts 
can stabilize temperatures and avoid 
an additional 7°F of warming this 
century, but due to climate system 
inertia, benefits may not be apparent 
for several decades. 

Figure 1. Change in Global Mean Temperature  
with and without Global GHG Mitigation

Time series of global annual mean surface air temperature  
relative to present-day (1980-2009 mean) for IGSM-CAM under the  

Reference and Mitigation scenarios with a climate sensitivity (CS)15 of 3°C.
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Seasonal and Extreme Temperatures

13

Just as presenting global 
average temperature changes 
masks geographic patterns of 
variability, presenting annual 
average temperature changes 
conceals seasonal patterns of 
change. Some seasons are 
expected to warm faster than 
others, and the impacts of warm-
ing will also vary by season. For 
example, in some regions, 
greater levels of warming may 
occur in the winter, but warming 
in summer will matter most for 
changes in the frequency and 
intensity of heat waves. Figure 3 
provides an illustrative example 
of the changes in average 
summertime temperature that 
select states may experience 
over time with and without 
global GHG mitigation. Under 
the Reference scenario, summer-
time temperatures in some 
northern states are projected to 
feel more like the present-day 
summertime conditions in 
southern states. However, under 
the Mitigation scenario, states 
are projected to experience 
substantially smaller changes.

In addition to increasing 
average summertime tempera-
tures, climate change is projected 
to result in an increase in extreme 
temperatures across most of the 
contiguous U.S. In the Mountain 
West, for example, the hottest 
days of the year are estimated to 
be over 14°F hotter than today 
under the Reference scenario by 
the end of the century (Figure 4). 
Many parts of the Midwest and 
Northeast are projected to 
experience increases in extreme 
temperatures ranging from 7-10°F, 
an amount similar to the increase 
in average summertime tempera-
tures. These changes are project-
ed to be far less severe under the 
Mitigation scenario, however, with 
no regions experiencing increases 
of more than 4°F. 

Figure 4. Change in Magnitude of Extreme Heat Events  
with and without Global GHG Mitigation

Change in the extreme heat index (T99)—the temperature of the hottest four days, or 99th percentile, of the year—simulated by 
the IGSM-CAM for 2100 (average 2085-2115) relative to the baseline (average 1981-2010) (CS 3°C).20 

Figure 3. Change in Summertime Temperatures for Select States  
with and without Global GHG Mitigation

The map compares mean summertime (June, July, and August) temperature in South Dakota, Illinois, and Maryland in  
2050 and 2100 under the Reference and Mitigation scenarios to states with similar present-day temperatures. For example,  

the projected mean summertime temperature in Illinois in 2100 under the Reference scenario (83°F) is projected to be 
analogous to the mean summertime temperature in Louisiana from 1980-2009 (81°F). In other words, without global GHG 

mitigation, Illinois summers by 2100 are projected to “feel like” present-day Louisiana summers. The maps are not perfect 
representations of projected climate, as other factors such as humidity are not included, but they do provide a way of 

visualizing the magnitude of possible changes in the summertime conditions of the future. 
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The IGSM-CAM projects future 
changes in annual mean precipi-
tation over the course of the 21st 
century under the Reference 
and Mitigation scenarios (Figure 
1). Under the CIRA Reference 
scenario, the model estimates 
increasing precipitation over 
much of the U.S., especially over 
the Great Plains. However, the 
western U.S. is estimated to 
experience a decrease in precipi-
tation compared to present day. 
Under the Mitigation scenario,  
a similar but less intense pattern 
of increasing precipitation is 
projected over much of the 
country, particularly in the 
central states. 

As projections of future 
precipitation vary across 
individual climate models, the 
CIRA analyses use outputs from 
additional climate models (see 
the Levels of Certainty section of 
this report). Compared to 
multi-model ensemble projec-
tions presented in the IPCC and 
USGCRP, the CIRA projections 
exhibit some regional differenc-
es in the pattern of projected 
precipitation. A comparison 
between the CIRA climate 
projections and those presented 
in these assessment reports can 
be found in Section E of the 
Technical Appendix. 

CIRA FRAMEWORK

Precipitation in the U.S.
Figure 1. Percentage Change in Annual Mean Precipitation  

with and without Global GHG Mitigation
Percentage change in annual mean precipitation from the historical period (1980-2009) for  

IGSM-CAM under the Reference and Mitigation scenarios (CS 3°C). 

Figure 2 shows the change in the intensity of extreme precipita-
tion events from present day to 2100. Blue areas on this map 
indicate that the future’s heaviest precipitation events will be 
more intense compared to today. Under the Reference, the 
IGSM-CAM shows a general increase in the intensity of extreme 
precipitation events, except over California. The increase is 
particularly strong over the Northeast, Midwest, and Southeast. 
Global GHG mitigation is likely to greatly reduce the increase in 
intensity of extreme precipitation events, as shown in the right 
panel of Figure 2. 

Extreme Precipitation Figure 2. Change in the Intensity of Extreme Precipitation 
with and without Global GHG Mitigation

Change in the extreme precipitation index (P99) simulated by IGSM-CAM for the 
2085-2115 period relative to the 1981-2010 period (CS 3°C). The P99 index reflects 

the precipitation of the four most rainy days of the year, or the 99th percentile.21
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Sea Level Rise Projections 

Sea Level Rise in 2100
47-55 in (119-139 cm)

56-65 in (142-165 cm)

66-75 in (167-190 cm)

76-87 in (193-220 cm)
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Figure 1 shows the change in global mean sea level from present 
day to 2100 under the Reference and Mitigation scenarios. 
Global mean sea levels are projected to rise about 56 inches by 
2100 under the Reference and about 37 inches under the 
Mitigation scenario. These results fall within the range for risk 
planning presented in the Third National Climate Assessment 
of 8-79 inches by 2100, with the Reference scenario's rate being 
slightly larger than the Assessment's likely range of 12-48 
inches.22, 23 As shown in Figure 1, global sea level rise is similar 
across the CIRA scenarios through mid-century, primarily due 
to inertia in the global climate system and lasting effects from 
past GHG emissions. As a result, it is not until the second half of 
the century that global GHG mitigation results in a reduction in 
sea level rise compared to the Reference. 

The projections for global sea level rise account for dynamic 
ice-sheet melting by estimating the rapid response of sea levels 
to atmospheric temperature change.24 These adjustments 
incorporate estimates of ice-sheet melt from the empirical 
model of Vermeer and Rahmstorf (2009),25, 26 using the decadal 
trajectory of global mean surface air temperature results from 
the IGSM as inputs.27 

Figure 1. Change in Global Mean Sea Level  
with and without Global GHG Mitigation

Figure 2. Projected Sea Level Rise along the Contiguous U.S. Coastline in 2100 
Map shows projected relative (to land) sea level rise under the Reference scenario for select coastal counties in the contiguous 

U.S. Projections are based on global mean sea level rise in 2100 (56 inches), adjusted for local subsidence and uplift.29

CIRA FRAMEWORK

Global Sea Level Rise

Sea Level Rise in the U.S.
Figure 2 shows projected 
relative sea level rise under 
the Reference scenario for 
select areas along the U.S. 
coast in 2100. For each coastal 
area, global rates of sea level 
change under the two 
scenarios were adjusted to 
account for vertical land 
movement (e.g., subsidence 
or uplift) using tide gauge 
data.28 Areas located along 
the Gulf of Mexico and 
Atlantic Coast are projected 
to experience greater sea 
level rise, due to compound-
ing effects of land subsidence, 
while areas along the West 
Coast are estimated to 
experience relatively lower 
levels of rise. 
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Levels of Certainty
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The CIRA modeling project was designed to investigate the relative importance of four key sources of uncertainty inherent to 
projecting future climate: 

The CIRA framework includes scenarios with different levels of 
GHG emissions: a business-as-usual scenario with unconstrained 
emissions (“Reference”) and a total radiative forcing of 9.8 W/m2 by 
2100 (8.6 W/m2 using the IPCC method for calculating radiative 
forcing); a stabilization scenario reflecting global-scale reductions 
in GHG emissions, with a total radiative forcing of 4.2 W/m2 by 
2100 (3.8 W/m2 using IPCC method; this scenario is not featured in 
this report); and a more stringent stabilization scenario with greater 
emissions reductions (”Mitigation”) and a total radiative forcing of 
3.6 W/m2 by 2100 (3.2 W/m2 using IPCC method).34 Results using the 
Reference and Mitigation scenarios are the focus of this report.

Emissions Scenarios

CIRA FRAMEWORK

The four climate sensitivity values considered are 2, 3, 4.5, and 6°C, 
which represent, respectively, the lower bound (CS 2°C), best estimate 
(CS 3°C), and upper bound (CS 4.5°C) of likely climate sensitivity based 
on the IPCC Fourth Assessment Report (AR4),36 and a low-probability/
high-risk climate sensitivity (CS 6°C).37 Results using a climate sensitivity 
of 3°C are the focus of this report.

Figure 2. Influence of Climate Sensitivity on Global 
Temperature Change Relative to Present Day 

Temperature change relative to the historic baseline (mean 1980-2009) under the 
Reference and Mitigation scenarios. The bold lines represent the results using a 

climate sensitivity of 3°C, and the shaded areas represent the range of temperature 
anomaly outcomes when using climate sensitivities of 2°C and 6°C. 

Climate Sensitivity

Figure 3. Future Temperature Change under  
Different Climate Sensitivities 

Increases in surface air temperature in 2100 (2091-2110 mean) under the  
Reference scenario relative to present-day (1991-2010 mean).38  

Future GHG emissions: Future emissions will be driven by population 
growth, economic growth, technology advancements, and decisions 
regarding climate and energy policy. Sensitivity analyses explore the 
uncertainty associated with varying levels of future GHG emissions 
under different policy scenarios. 

Climate sensitivity: Future climate change depends on the response 
of the global climate system to rising GHG concentrations (i.e., how 
much temperatures will rise in response to a given increase in 

atmospheric CO2). This response is complicated by a series of feed-
backs within Earth’s climate system that act to amplify or diminish an 
initial change.30 Climate sensitivity is typically reported as the change 
in global mean temperature resulting from a doubling in atmospheric 
CO2 concentration.

Natural variability: Natural, small- to medium-scale variations within 
Earth’s climate system, such as El Niño events and other recurring 
patterns of ocean-atmosphere interactions, can drive increases or 

2100

Figure 1. Temperature Change in 2100 Relative to  
Present Day for the CIRA Emissions Scenarios

Changes in surface air temperature in 2100 (2091-2110 mean) relative  
to present-day (1991-2010 mean).35 

Radiative Forcing 9.8 W/m2 
“Reference Scenario”

Stabilization at 4.2 W/m2 
(not featured in this 
report)

Stabilization at 3.6 W/m2  
“Mitigation Scenario” 
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Future Climate 
Change Across  
Uncertainty  
Sources

Climate Model
The results presented in this report rely primarily upon climate projections from the IGSM-CAM. To analyze the 
implications of a broader set of climate model outputs, the CIRA framework uses a pattern scaling method in 
the IGSM40 for three additional climate models, plus a multi-model ensemble mean from the IPCC AR4 archive. 
As shown in Figure 5, there is better agreement across climate models with regard to temperature projections, 
and higher variability with regard to precipitation projections.41

•  The NCAR Community Climate System Model version 3 (CCSM3.0) was chosen to compare with the IGSM- CAM model. Both have the 
same atmospheric and land components and similar biases over land. 

•  Bjerknes Centre for Climate Research Bergen Climate Model version 2.0 (BBCR_BCM2.0) was chosen because this model projects the 
largest increases in precipitation over the contiguous U.S. 

•  Model for Interdisciplinary Research on Climate version 3.2 medium resolution (MIROC3.2_medres) was chosen because this model 
projects decreases in precipitation over much of the contiguous U.S. Results using this “drier” pattern are shown in several sections of this 
report to provide comparison to the “wetter” IGSM-CAM simulations, which generally show increases in precipitation for much of the 
country (excluding the West). This comparison helps to bound uncertainty in future changes in precipitation for the contiguous U.S. 

Investigation of the relative 
contribution of the four 
sources of uncertainty 
described in this section 
reveals that temperature 
change is most influenced by 
decisions regarding whether 
to reduce GHG emissions and 
the value of climate sensitivity 
used (GHG emissions scenario 
being the dominant 
contributor). The contribu-
tions from different climate 
models and natural variability 
for temperature change are 
small in comparison. It is 
worth noting that the GHG 
emissions scenario is the only 
source of uncertainty that 
society has control over. 
Conversely, these same four 
sources of uncertainty 
contribute in roughly equal 
measure to projected 
changes in precipitation over 
the U.S., with large spatial 
differences.42

For each emissions scenario and climate sensitivity combination, the IGSM-CAM was simulated five times with slightly different initial conditions 
(“initializations”) to account for uncertainty due to natural variability. Some sectors in the report use the average result of the five initializations. 

Natural Variability

decreases in global or regional temperatures, as well as affect 
precipitation and drought patterns around the world. These types of 
natural variability cause uncertainty in temperature and precipitation 
patterns over timescales ranging from months up to a decade or more, 
but have a smaller effect on Earth’s climate system over longer periods 
of time.31

Climate model: Different types of global-scale physical and statistical 
models are used to study aspects of past climate and develop 
projections of future change. The climate is very complex and is 
influenced by many uncertain factors; as a result, each model is 
different and produces different results. These complex models 

provide useful information both individually, by allowing the explora-
tion of potential futures, and collectively, by providing insight on the 
level of agreement across models.

The CIRA uncertainty framework, described in detail in Monier et al. 
(2014),32 explores these four major sources of uncertainty, including 
the influence that each could have on future temperature or precipita-
tion in the U.S. While the effects of each source of uncertainty are not 
described for each sectoral impact discussed in this report, some of 
the impacts described in the Sectors section explore the potential 
influence of these factors. Maps presented in this section are adapted 
from Monier et al. (2014).33

Figure 4. The Effect of Natural Variability on Future Climate Projections
Increases in surface air temperature in 2100 (2091-2110 mean) relative to present-day (1991-2010 mean) for each of the IGSM-CAM initializations.39 

Figure 5. Climate Model Uncertainty for Future Projections
Changes in temperature and precipitation in 2100 (2091-2110 mean) relative to present-day (1991-2010 mean)  

for different climate models. Values assume a climate sensitivity of 3°C under the Reference scenario. 
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CIRA FRAMEWORK

The design of the CIRA project allows the results to be interpreted as the potential benefits (avoided 
impacts) to many economically important sectors of the U.S. due to global-scale actions to mitigate GHG 
emissions. The analytical approach offers a number of advantages, including consistency in the use of socio-
economic and climate change scenarios across a wide range of sectoral impact and damage models, and 
exploration of the changes in impacts and damages across key sources of uncertainty.

As with any study, there are some analytical boundaries of the CIRA project and its underlying analyses that 
are important to consider, several of which are described below.43 Future work to address these limitations 
will strengthen the estimates presented in this report, including the broader use of ranges and confidence 
intervals. Limitations specific to the individual sectoral analyses are described in the Sectors section of this 
report, as well as in the scientific literature underlying the analyses.

y

Variability Across Climate Models
The choice of climate model in an impact analysis can influence patterns of future climate change. Within 
a number of the CIRA analyses, this uncertainty was evaluated through the use of “pattern scaling,” a 
method by which the average change produced by running a climate model is combined with the specific 
geographic pattern of change calculated from a different model in order to approximate the result that 
would be produced by the second model. In this report, analyses that are sensitive to changes in precipi-
tation are presented using both the IGSM-CAM (relatively wetter for the contiguous U.S.) and MIROC 
(relatively drier) climate models. However, not all sectoral impact models used pattern scaling in addition 
to the IGSM-CAM simulations, particularly for those impacts primarily driven by temperature, where there 
is generally more agreement across climate models. Finally, we note the limitation that pattern scaling is 
not a perfect representation of alternate models.45

Emission and 
Climate Scenarios
With the goal of presenting a 
consistent and straightfor-
ward set of climate change 
impact analyses across 
sectors, this report primarily 
presents results for the 
Reference and Mitigation 
scenarios under a single 
simulation (initialization) of 
the IGSM-CAM climate model 
and assumes a climate 
sensitivity of 3°C. As de-
scribed in the Levels of 
Certainty section, a large 
number of emissions and 
climate scenarios were 
developed under the CIRA 
project, reflecting various 
combinations of emissions 
scenarios, climate models, 
climate sensitivity, and climate 
model initializations. However, 
only some of these emissions 
and climate scenarios have 
been simulated across all 
sectoral analyses, primarily 
due to the level of effort 
necessary to run each scenario 
through the large number of 
sectoral models of the CIRA 
project. Analyzing results 
under the full set of scenarios 
would further characterize the 
range and potential likelihood 
of future risks. 

Coverage of Sectors and Impacts
The analyses presented in this report cover a broad range of potential 
climate change impacts in the U.S., but there are many important 
impacts that have not yet been modeled in CIRA. Examples of these 
impacts include changes in vector-borne disease, morbidity from 
poor air quality, impacts on specialty crops and livestock, and a large 
number of effects on ecosystems and species. Without information 
on these impacts, this report provides only partial insight into the 
potential risks of climate change, and therefore does not account for 
all potential benefits of mitigation. 

In addition, it is important to note that impacts are only partially 
valued economically in some sectors. For example, the Wildfire section presents estimated response and 
fuel management costs, but not other damages (e.g., health effects from decreased air quality, and property 
damages). A more complete valuation approach would likely increase the damages described in this report. 

Finally, this report does not present results on the possibility of large-scale, abrupt changes that have 
wide-ranging and possibly catastrophic consequences, such as the intensification of tropical storms, or the 
rapid melting of the Greenland or West Antarctic ice sheets.44 In general, there are many uncertainties 
regarding the timing, likelihood, and magnitude of the impacts resulting from these abrupt changes, and 
data limitations have precluded their inclusion in the analyses presented in this report. Their inclusion 
would assist in better understanding the totality of risks posed by climate change and the potential for 
GHG mitigation to reduce or avoid these changes. 

©National Oceanic and Atmospheric Administration
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Feedbacks
The CIRA project uses a linear 
path from changes in 
socioeconomics and the 
climate system to impacts 
(with consistent inputs across 
multiple models). The 
socioeconomic scenarios that 
drive the CIRA modeling 
analyses do not incorporate 
potential feedbacks from 
climate change impacts to the 
climate system (e.g., GHG 
emissions from forest fires) 
and from sectoral damages to 
the economy (e.g., significant 
expenditures on “climate 
defensive” adaptation would 
likely reduce available financial 
capital to the economy for 
productive uses, or increase 
the cost of financing capital 
expenditures). 

Sectoral Impacts Modeling 
With the exception of the electricity demand and 
supply sections of this report, the impact estimates 
presented were developed using a single sectoral 
impact model. While these models are complex 
analytical tools, the structure of the model, and 
how it may compare to the design of similar 
applications, can create important uncertainties 
that affect the estimation of impacts.46 The use of 
additional models for each sector would help 
improve the understanding of potential impacts in 
the future. The results presented in this report were 
developed with little or no interactions among the impact sectors. As a result, the estimated impacts 
may omit important and potentially unforeseen effects. For example, the wildfire projections present-
ed in this report will likely generate meaningful increases in air pollution, a potentially important 
linkage for the air quality analysis. Similarly, there are numerous connections among the agriculture, 
water, and electricity sectors that affect the impacts estimates in each.47 Although some of these 
interactions are captured within integrated assessment models, it is difficult for these broader 
frameworks to capture all of the detail provided in the CIRA sectoral analyses. Improved connectivity 
between CIRA sectoral models will aid in gaining a more complete understanding of climate change 
impacts across sectors in the U.S. 

Geographic Coverage
The report does not examine 
impacts and damages 
occurring outside of U.S. 
borders. Aside from their own 
relevance for policy-making, 
these impacts could affect the 
U.S. through, for example, 
changes in world food 
production, migration, and 
concerns for national security. 

In addition, the primary 
geographic focus of this report 
is on the contiguous U.S., with most of the sectoral analyses 
excluding Hawaii, Alaska, and the U.S. territories. This omission is 
particularly important given the unique climate change vulnerabili-
ties of these high-latitude and/or island locales. Finally, several 
sectoral analyses assess impacts in a limited set of major U.S. cities, 
and incorporation of additional locales would gain a more 
comprehensive understanding of likely impacts. 

Variability in Societal Characteristics
The impacts of climate change will not affect Americans equally. In addition to regional differences in 
impacts, socioeconomic factors (e.g., income, education) affect adaptive capacity and can make some 
communities more vulnerable to impacts. These issues are explored in the Coastal Property section, but 
the rest of the sectors do not analyze impacts across different levels of social vulnerability.

Use of Point  
Estimates
Results in this report are 
primarily presented as point 
estimates. For some sectors, 
ranges are provided based on 
the design of the underlying 
modeling analysis (i.e., the 
approach yields confidence 
intervals) or because of the 
scenarios used in that sector. 
Regarding the latter, the use 
of wetter and drier climate 
projections for sectors 
sensitive to changes in 
precipitation provides ranges 
of estimates bounding this 
uncertainty source. The 
uncertainties and limitations 
described in this section, 
along with others detailed 
throughout this report and in 
the underlying CIRA literature, 
signify that the estimates 
described in this report should 
not be interpreted as defini-
tive predictions of future 
impacts at a particular place 
and time. The further 
exploration of these uncer-
tainties, including the 
development of ranges for all 
impact projections, will further 
strengthen the CIRA results.
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Sectors
ElectricityHealth 32 4422 Infrastructure

24  |  Air Quality

26  |   Extreme  
Temperature

28  |  Labor

30  |  Water Quality

34  |  Bridges  

36  |  Roads

38  |  Urban Drainage

40  |   Coastal Property

46  |   Electricity  
Demand

48  |   Electricity  
Supply

ABOUT THE RESULTS 
Unless otherwise noted, results presented in this section were developed using the following: 

Emissions scenarios: The results are presented for the  
CIRA Reference and Mitigation scenarios.

Climate models: The results primarily rely upon climate 
projections from the IGSM-CAM. For sectors sensitive  
to changes in precipitation, results are also presented for  
the drier MIROC climate model.

Climate sensitivity: The results assume a climate sensitivity 
of 3.0°C.

Accounting for inflation: The results are presented in 
constant 2014 dollars.1 

Discounting: To estimate present value, annual time  
series of costs are discounted at a 3% annual rate, with a  
base year of 2015.2 Annual estimates (i.e., costs in a given 
year) are not discounted.

Reporting of estimates: For consistency, results are  
reported with two significant figures. 
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Sectors
Water  
Resources

Agriculture  
and Forestry Ecosystems50 58 64

52  |  Inland Flooding

54  |  Drought

56  |   Water Supply 
and Demand 

60  |   Crop and Forest    
Yields

62  |  Market Impacts

66  |  Coral Reefs

68  |  Shellfish
 

70  |  Freshwater Fish

72  |   Wildfire

74  |  Carbon Storage
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Temperature 

Air Quality

Health

SUBSECTORS       



                                                       Labor  Water Quality

eather and climate play a  
significant role in our health  
and well-being. As a society, we 

have structured our day-to-day behaviors 
and activities around historical and current 
climate conditions. Increasing GHGs in the 
atmosphere are changing the climate faster 
than any time in recent history.3 As a result, 
the conditions we are accustomed to and  
the environment in which we live will change 
in ways that affect human health. In addition 
to creating new problems, changes in the 
climate can exacerbate existing human health 
stressors, such as air pollution and disease. 
Many of the adverse effects brought on by 
climate change may be compounded by how 
our society is changing, including population 
growth, an aging population, and migration 
patterns that are concentrating development 
in urban and coastal areas.

HOW ARE PEOPLE VULNERABLE  
TO CLIMATE CHANGE? 
Climate change is projected to harm human 
health in a variety of ways through increases 
in extreme temperature, increases in  
extreme weather events, decreases in air 
quality, and other factors.4 Extreme heat 

events can cause illnesses and death due to 
heat stroke, cardiovascular disease, respirato-
ry disease, and other conditions. Increased 
ground-level ozone is associated with a 
variety of health problems, including reduced 
lung function, increased frequency of asthma 
attacks, and even premature mortality.5 
Higher temperatures and changes in the 
timing, intensity, and duration of precipita-
tion affect water quality, with impacts on the 
surface water we use. There are a variety of 
other impacts driven by climate change that 
are expected to pose significant health haz-
ards, including increases in wildfire activity 
(see the Wildfire section of this report).6 

WHAT DOES CIRA COVER? 
CIRA analyzes the potential impacts of 
climate change on human health by focusing 
on air quality, extreme temperature mortali-
ty, labor, and water quality. Analyses of many 
other important health effects are not in-
cluded in CIRA; these include, for example, 
impacts from increased extreme weather 
events (e.g., injury or death from changes in 
tropical storms), air pollution from wildfires, 
and vector-borne disease (e.g., Lyme disease 
and West Nile virus).

W



Changes in climate are projected to affect air 
quality across the U.S. In already polluted 
areas, warmer temperatures are anticipated 
to increase ground-level ozone (O3), a 
component of smog, and increase the 
number of days with poor air quality.7 
Changes in weather patterns may also affect 
concentrations of fine particulate matter 
(PM2.5), a mixture of particles smaller than 2.5 
micrograms per cubic meter (µg m-3), emitted 
from power plants, vehicles, and wildfires. 
Inhaling ozone and fine particulate matter can lead to a broad range of adverse health effects, 
including premature mortality and aggravation of cardiovascular and respiratory disease.8, 9 

24

KEY FINDINGS Climate Change and  
Air Quality Health Effects 1

2

Unmitigated climate 
change is projected to 
worsen air quality across 
large regions of the U.S., 
especially in eastern, mid-
western, and southern 
states. Impacts on ozone 
and fine particulate matter 
pollution are projected to 
be especially significant for 
densely-populated areas. 
The analysis holds emissions 
of traditional air pollutants 
constant at current levels to 
isolate the climate change 
related impact on air quality. 

Global GHG mitigation is 
projected to reduce the 
impact of climate change 
on air quality and the 
corresponding adverse 
health effects related to air 
pollution. Mitigation is 
estimated to result in 
significant public health 
benefits in the U.S., such as 
avoiding 13,000 premature 
deaths in 2050 and 57,000 
premature deaths in 2100. 
Economic benefits to the 
U.S. of avoided premature 
deaths are estimated at 
$160 billion in 2050, and 
$930 billion in 2100.

Without global GHG mitigation, climate change is projected to have a substantial effect on air 
quality across the contiguous U.S., with important regional differences (Figure 1). Ozone 
concentrations are projected to increase in the Reference scenario in more densely-populated 
regions, such as the East, Midwest, and South, while some less densely-populated areas 
experience decreases in ozone concentrations.10 Although the national annual average ozone 
concentration is projected to decrease slightly (1.3 ppb +/- 0.2) by 2100, human exposure to 
ozone is projected to increase, driven by increasing concentrations in densely-populated areas. 
Climate-driven ozone increases are especially substantial during summer months. By 2100, the 
U.S.-average 8-hour-maximum ozone concentration in June-August is projected to increase 
4.7 ppb (95% confidence interval ± 0.5).11

Unmitigated climate change is projected to exacerbate fine particulate matter pollution, 
especially in the Midwest and East. The annual U.S.-average PM2.5 concentrations are projected to 
increase by 0.3 µg m-3 (± 0.1) in 2050 and 0.7 µg m-3 (± 0.1) in 2100 in the Reference scenario.12

Projections that climate change will lead to increased ozone in polluted regions are consis-
tent with the assessment literature. There is less agreement regarding the magnitude of climate 
change effects on particulate matter, with the exception of increasing wildfire activity on 
particulates.13 The results presented in this report add to this emerging area of research.

Risks of Inaction

Air Quality

-11
 - -

10

-9.
9 -

 -7
.5

-7.
4 -

 -6
.5

-6.
4 -

 -5
.5

-5.
4 -

 -4
.5

-4.
4 -

 -3
.5

-3.
4 -

 -2
.5

-2.
4 -

 -1
.5

-1.
4 -

 -0
.5

-0.
4 -

 0.
5

0.6
 - 1

.5

1.6
 - 2

.5

2.6
 - 3

.5

3.6
 - 4

.5

4.6
 - 5

.5

5.6
 - 6

.5

6.6
 - 7

.5

7.6
 - 8

.80.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5-0.5-1.5-2.5-3.5-4.5-5.5-6.5-7.5

Ozone Fine Particulate
Matter

Figure 1. Projected Impacts of Unmitigated Climate Change  
on Air Pollution in the U.S.

Estimated change in annual-average ground-level hourly ozone (O3, ppb) and fine particulate matter  
(PM2.5, µg m-3) from 2000 to 2100 under the Reference scenario. 
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Treatment of Co-Benefits

APPROACHReducing Impacts through 
GHG Mitigation
Global GHG mitigation is projected to avoid significant adverse impacts to air quality that 
would occur under the Reference scenario in densely-populated areas. Figure 2 shows air 
quality changes in the Mitigation scenario, which are much smaller than those under the 
Reference (Figure 1). Despite smaller reductions in ozone in some less densely-populated 
areas, global GHG mitigation is projected to reduce the increase in the annual-average, 
8-hour-maximum, population-weighted ozone concentration by approximately 2.6 ppb (95% 
confidence interval ± 0.3) that would occur in the Reference in the U.S. 

Global GHG mitigation is also projected to lessen the adverse effects of climate change  
on fine particulate matter pollution in the U.S. In 2100, the increase in the annual-average 
population-weighted PM2.5 concentration under the Reference is reduced by approximately  
1.2 µg m-3 (± 0.1) under the Mitigation scenario. 

Reducing the impacts of climate change on air quality through global GHG mitigation is 
projected to result in significant health benefits across the U.S. For example, the Mitigation 
scenario is estimated to prevent an estimated 13,000 premature deaths in 2050 (95% confidence 
interval of 4,800-22,000) and 57,000 premature deaths in 2100 (95% confidence interval of 
21,000-95,000) compared to the Reference.14 Economic benefits to the U.S. of these avoided 
deaths are estimated at $160 billion and $930 billion in 2050 and 2100, respectively. In addition 
to reducing premature mortality, global GHG mitigation would result in other health benefits not 
presented here, including reduced respiratory- and cardiovascular-related hospital admissions.15, 16

Figure 2. Projected Impacts on Air Pollution in the U.S.  
with Global GHG Mitigation

Estimated change in annual-average ground-level hourly ozone (O3, ppb) and fine particulate matter  
(PM2.5, µg m-3) from 2000 to 2100 under the Mitigation scenario.

The CIRA analysis assesses the impact 
of climate change on air quality across 
the contiguous U.S. through changes 
in ground-level ozone and fine 
particulate matter (PM2.5) concentra-
tions.19 Future concentrations of these 
pollutants are simulated in an atmo-
spheric chemistry model, driven by 
weather patterns from the CIRA 
climate projections. The analysis 
projects future concentrations for five 
initializations of the IGSM-CAM 
climate model under the Reference 
and Mitigation scenarios in 30-year 
periods centered on 2050 and 2100 
(with 95% confidence intervals based 
on the difference in mean across the 
initializations). Despite assumptions 
about growth in GHG emissions in the 
Reference and Mitigation scenarios, 
emissions of the traditional air pollut-
ants are kept fixed at present-day levels 
to isolate the climate change-related 
impact on air quality. Changes in 
pollution due to projected increases in 
wildfires and changes in sea salt and 
dust are not considered. Pollutant 
concentrations are used to estimate 
changes in air pollution exposure in 
people. The Environmental Benefits 
Mapping and Analysis Program 
(BenMAP) is applied to estimate health 
effects (with 95% confidence interval 
based on concentration response 
functions in BenMAP).20 To monetize 
the effects of changing mortality, a 
value of statistical life (VSL) of $9.45 
million for 2010 (2014$) is used, 
adjusted to future years by assuming 
an elasticity of VSL to gross domestic 
product (GDP) per capita of 0.4.21

For more information on the 
approach, models used, and results 
for the air quality sector, please 
refer to Garcia-Menendez et al. 
(2015).22 

This analysis does not quantify the additional 
benefits to air quality and health that would 
stem from simultaneous reductions in 
traditional air pollutants along with GHG 
emissions (both are emitted from many of 
the same sources). Incorporating these 
“co-benefits,” which recent analyses17 and 
assessments18 indicate could provide large, 
near-term benefits to human health, would 
result in a more comprehensive understand-
ing of air quality and climate interactions.
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KEY FINDINGS Climate Change and Extreme 
Temperature Mortality1

2

Without global GHG  
mitigation, the average 
number of extremely hot 
days in the U.S. is projected 
to more than triple from 
2050 to 2100. The projected 
reduction in deaths from 
extremely cold days is more 
than offset by the projected 
increase in deaths from 
extremely hot days. This 
result holds for all reported 
future years, indicating that 
unmitigated climate 
change clearly poses an 
increasing health risk from 
extreme temperatures.

Global GHG mitigation is 
projected to result in  
approximately 12,000  
fewer deaths from extreme  
temperature in the 49 
modeled cities in 2100. 
Inclusion of the entire U.S. 
population would greatly 
increase the number of 
avoided deaths, but ac-
counting for adaptation 
could decrease the number.

Climate change will alter the weather conditions that we 
are accustomed to. Extreme temperatures are projected to 
rise in many areas across the U.S., bringing more frequent 
and intense heat waves and increasing the number of 
heat-related illnesses and deaths.23 Exposure to extreme 
heat can overwhelm the body’s ability to regulate its 
internal temperatures, resulting in heat exhaustion and/or 
heat stroke, and can also exacerbate existing medical 
problems, such as heart and lung diseases.24 During a 1995 
heat wave in Chicago, an estimated 700 individuals died as 
a result of the extreme heat.25 Warmer temperatures are also expected to result in fewer 
extremely cold days, which may also reduce deaths associated with extreme cold.26 

Risks of Inaction
Climate change poses a significant risk to human health as more days with extreme heat are 
projected to cause more deaths over time. Without global GHG mitigation, the average number 
of extremely hot days is projected to more than triple from 2050 to 2100, while the number of 
extremely cold days is projected to decrease. The projected increase in deaths due to more 
frequent extremely hot days is much larger than the projected decrease in deaths due to fewer 
extremely cold days, a finding that is consistent with the conclusions of the assessment litera-
ture.27 Under the Reference, the net increase in projected deaths from more extremely hot days 
and fewer extremely cold days in 49 cities is approximately 2,600 deaths in 2050, and 13,000 
deaths in 2100, but accounting for adaptation could decrease these numbers. Figure 1 shows the 
net mortality rate from extreme hot and cold temperatures by city in the Reference scenario. 

Figure 1. Projected Extreme Temperature Mortality in Select Cities  
Due to Unmitigated Climate Change 

Estimated net mortality rate from extremely hot and cold days (number of deaths per 100,000 residents)  
under the Reference scenario for 49 cities in 2050 and 2100. Red circles indicate cities included in the analysis; 

cities without circles should not be interpreted as having no extreme temperature impact. 
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As shown in Figure 2, the projected mortality 
rates under the Mitigation scenario show small 
changes through 2100, unlike in the Reference 
where rates increase substantially. As a result, 
the net benefits associated with GHG mitiga-
tion increase over time. As shown in Figure 3, 
global GHG mitigation is estimated to result in 
significant public health benefits across the 
U.S. by substantially reducing the risk of 
extreme temperature-related deaths that 
would occur under the Reference. Under the 
Mitigation scenario, extreme temperature 
mortality is reduced by 64% in 2050 and by 
93% in 210028 compared to the Reference. For 
the 49 cities analyzed, global GHG mitigation is 
projected to save approximately 1,700 U.S. 
lives in 2050, and approximately 12,000 U.S. 
lives in 2100 (Figure 3). 

In 2050, the economic benefits of GHG 
mitigation are estimated at $21 billion, 
increasing to $200 billion in 2100 (see the 
Approach section for more information). It is 
important to note that these projections 
reflect only the results for the 49 cities 
included in this study; corresponding national 
benefits would be much larger. 

The analysis also examines the implications 
of adjusting temperature thresholds to 
account for potential adaptation of the human 
body to warmer temperatures. Specifically,  
the analysis assumes that the human health 
response to extreme temperatures in all 49 
cities was equal to that of Dallas. Using this 
approach, results show that mitigation would 
still save a projected 5,500 lives in 2100 
compared to the Reference. 
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APPROACHReducing Impacts through 
GHG Mitigation

Figure 2. Projected Extreme Temperature Mortality in Select Cities 
with Global GHG Mitigation

Estimated net mortality rate from extremely hot and cold days (number of deaths per 100,000 residents)  
under the Mitigation scenario for 49 cities in 2050 and 2100. Red circles indicate cities included in the analysis; 

cities without circles should not be interpreted as having no extreme temperature impact.

Figure 3. Avoided Extreme  
Temperature Mortality  

in 49 U.S. Cities Due to Global  
GHG Mitigation
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The CIRA analysis estimates the 
number of deaths over the course of 
the 21st century attributable to 
extreme temperatures in 49 cities in 
the contiguous U.S., which account 
for approximately one third of the 
national population. City-specific 
relationships between daily deaths (of 
all causes) and extreme temperatures 
are combined with the IGSM-CAM 
projections of extremely hot and cold 
days using city-specific extreme 
temperature thresholds to estimate 
future deaths from heat and cold in 
the Reference and Mitigation scenari-
os. Extremely hot days are defined as 
those with a daily minimum tempera-
ture warmer than 99 percent of the 
days in the period 1989-2000. Ex-
tremely cold days are defined as those 
with a daily maximum temperature 
colder than 99 percent of the days in 
the period 1989-2000. As a result, the 
study explicitly addresses the ques-
tion of the net mortality impact of 
climate change on future extreme 
temperature days. The potential 
impact of future population change is 
accounted for using an EPA demo-
graphic model (ICLUS).29 To monetize 
the effects of changing mortality, a 
baseline value of statistical life (VSL) of 
$9.45 million for 2010 (2014$) is used, 
adjusted to future years by assuming 
an elasticity of VSL to GDP per capita 
of 0.4.30 The results presented in this 
section have been updated since Mills 
et al. (2014) to include additional cities 
and more recent mortality rate data.31 

Finally, this analysis did not estimate 
impacts across ages or socioeconomic 
status. As these demographics 
change, they could impact the results 
presented here.

For more information on the CIRA 
approach and results for the 
extreme temperature mortality 
sector, please refer to Mills et al. 
(2014).32
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KEY FINDINGS Climate Change and Labor
1

2

Without global GHG  
mitigation, labor hours in 
the U.S. are projected to 
decrease due to increases 
in extreme temperatures. 
Over 1.8 billion labor hours 
are projected to be lost in 
2100, costing an estimated 
$170 billion in lost wages.

Global GHG mitigation  
is estimated to save  
1.2 billion labor hours and 
$110 billion in wages in 
2100 in the contiguous  
U.S. that would otherwise 
be lost due to unmitigated 
climate change. 

Climate change may affect labor in a number 
of ways, but projections of hotter summer 
temperatures raise a particular concern. 
Extreme summer heat is increasing in the U.S. 
and will be more frequent and intense in the 
future.33 Heat exposure can affect workers’ 
health, safety and productivity.34 When 
exposed to high temperatures, workers are at 
risk for heat-related illnesses and therefore 
may take more frequent breaks, or have to 
stop work entirely, resulting in lower overall 
labor capacity. This is especially true for 
high-risk industries where workers are doing physical labor and have a direct exposure to 
outdoor temperatures (e.g., agriculture, construction, utilities, and manufacturing).35 

Risks of Inaction
Without global GHG mitigation, an increase in extreme heat is projected to have a large 
negative impact on U.S. labor hours, especially for outdoor labor industries. In 2100, over 1.8 
billion labor hours across the workforce are projected to be lost due to unsuitable working 
conditions (95% confidence interval of 1.2-2.4 billion). These lost hours would be very costly, 
totaling over $170 billion in lost wages in 2100 (95% confidence interval of $110-$220 billion).

As shown in Figure 1, the majority of the country is projected to experience decreases in 
labor hours due to extreme temperature effects. In 2100, parts of the Southwest and Florida 
are estimated to experience a decrease in hours worked for high-risk industries ranging from 
-5% to -7%. Although the impacts vary by region, only a limited number of counties are 
projected to experience increases in labor hours. 

Figure 1. Impacts of Unmitigated Climate Change on Labor in the U.S. 
Estimated percent change in hours worked from 2005 to 2050 and 2100 under the Reference scenario.  

Estimates represent change in hours worked at the county level for high-risk industries only, and are normalized 
by the high-risk working population in each county. 
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APPROACHReducing Impacts through 
GHG Mitigation
At the national level, impacts to labor under the Mitigation scenario (Figure 2) are substantially 
smaller compared to the Reference (Figure 1). Counties in the Southwest, Texas, and Florida 
that are estimated to lose up to 7% of high-risk labor hours under the Reference in 2100 do not 
experience such losses under the Mitigation scenario. 

When comparing the two scenarios (Figure 3), global GHG mitigation is projected to prevent 
the loss of approximately 360 million labor hours across the workforce in 2050, saving nearly 
$18 billion in wages. In 2100, the avoided loss of labor hours more than triples, and losses are 
substantially reduced over a majority of the contiguous U.S. Specifically, mitigation is estimated 
to prevent the loss of nearly 1.2 billion labor hours and $110 billion in wages in 2100 compared 
to the Reference. 

Figure 3. Economic Impacts to Labor with and without Global GHG Mitigation
Estimated wages lost under the Reference and Mitigation scenarios for all labor categories in the  

contiguous U.S. (billions 2014$). Error bars represent lower- and upper-95% confidence intervals of the  
dose-response function (see the Approach section for more information).

Figure 2. Labor Impacts in the U.S. with Global GHG Mitigation
Estimated percent change in hours worked from 2005 to 2050 and 2100 under the Mitigation scenario.  

Estimates represent change in hours worked at the county level for high-risk industries only, and are normalized 
by the high-risk working population in each county.

The CIRA analysis focuses on the 
impact of changes in extreme tem-
peratures on labor supply36 across the 
contiguous U.S. Specifically, the 
analysis estimates the number of labor 
hours lost due to changes in extreme 
temperatures using dose-response 
functions for the relationship between 
temperature and labor from Graff Zivin 
and Neidell (2014).37 Mean maximum 
temperatures from the IGSM-CAM are 
projected for two future periods (2050 
and 2100, 5-year averages centered on 
those years) at the county level in the 
CIRA Reference and Mitigation scenar-
ios. The analysis estimates the total 
labor hours lost in all categories of the 
labor force and also for workers in 
high-risk industries (most likely to be 
strongly exposed to extreme tempera-
ture), taking into account the CIRA 
county-level population projections 
from the ICLUS model.38 The fraction of 
workers in high-risk industries is 
calculated using Bureau of Labor 
Statistics data from 2003-2007 and is 
assumed to remain fixed over time for 
each county.39 A range of estimates 
for the dose-response function are 
assessed and used to calculate confi-
dence intervals to show the sensitivity 
of the results. The dose-response 
functions are estimates of short-run 
responses to changes in weather, and 
as such do not account for longer-term 
possibilities, such as acclimation of 
workers, relocation of industries, or 
technological advancements to 
reduce exposure.

 The analysis estimates the cost of 
the projected losses in labor hours 
based on the Bureau of Labor Statis-
tics’ estimated average wage in 2005 
($23.02 per hour in a 35 hour work 
week),40 adjusted to 2100 based on the 
projected change in GDP per capita. 

For more information on the  
CIRA approach for the labor  
sector, please refer to Graff Zivin 
and Neidell (2014)41 and Section  
G of the Technical Appendix for  
this report. 
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KEY FINDINGS Climate Change and  
Water Quality 1

2

3

Unmitigated climate 
change is projected to  
have negative impacts on 
water quality in the U.S., 
particularly in the South-
west and parts of Texas.

Global GHG mitigation  
is projected to prevent 
many of the water quality  
damages estimated under 
the Reference scenario, 
primarily by reducing the 
warming of water bodies 
across the country. 

Under the Mitigation  
scenario, costs associated 
with decreased water 
quality are reduced approx-
imately 82% in 2100  
compared to the Reference, 
corresponding to cost 
savings of approximately 
$2.6-$3.0 billion.

Climate change is likely to have far-reaching 
effects on water quality in the U.S. due to 
increases in river and lake temperatures and 
changes in the magnitude and seasonality  
of river flows, both of which will affect the 
concentration of water pollutants. These 
physical impacts on water quality will also 
have potentially substantial economic 
impacts, since water quality is valued for 
drinking water and recreational and  
commercial activities such as boating, 
swimming, and fishing.42,43 The analysis 
presented in this section estimates changes 
in water quality, but does not quantify the 
resulting health effects.

Risks of Inaction
Unmitigated climate change is projected to decrease water quality in the U.S. compared to a 
future with no climate change. The Water Quality Index (WQI) calculated in the CIRA analysis 
includes several key water quality constituents, including temperature, dissolved oxygen, total 
nitrogen, and total phosphorus.44 The WQI serves as a measure of water quality; the higher the 
WQI, the higher the water quality. 

As shown in Figure 1, the WQI across the U.S. is projected to decline in the Reference 
scenario in 2100 using both the IGSM-CAM and MIROC climate models. Parts of Texas and the 
Southwest, in particular, are estimated to experience substantial WQI declines of 15-26% in 
2100. Projections that climate change will decrease river and lake water quality are consistent 
with the findings of the assessment literature.45

Figure 1. Effects of Unmitigated Climate Change on U.S. Water Quality in 2100
Percent change in the Water Quality Index in 2100 under the Reference scenario compared to the Control  

(to isolate the effects of climate change). The WQI is calculated for the 2,119 8-digit hydrologic unit codes (HUCs)  
of the contiguous U.S., and aggregated to the 18 Water Resource Regions (2-digit HUCs). 
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Global GHG mitigation is projected to reduce the increase in water temperature that is 
estimated to occur under the Reference, with corresponding water quality benefits (i.e., 
avoided degradation) primarily due to better oxygenation. The effects of mitigation on total 
nitrogen and total phosphorus concentrations vary by region, but the increase in total nitrogen 
is reduced by up to 80% in some areas of the western U.S. compared to the Reference scenario.

Figure 2 presents the projected change in water quality damages in 2050 and 2100 under 
the Reference and Mitigation scenarios for the IGSM-CAM and MIROC climate models. As 
shown in the figure, increases in damages are projected in both scenarios, but most notably in 
the Reference, where damages are estimated to increase by approximately $3.2-$3.7 billion in 
2100. Under the Mitigation scenario, damages are reduced by approximately 82% compared to 
the Reference in 2100, corresponding to approximately $2.6-$3.0 billion in avoided costs. 

Figure 3 presents the avoided water quality damages in 2100 under the Mitigation scenario 
compared to the Reference using the IGSM-CAM and MIROC climate models. As shown in the 
figure, global GHG mitigation is projected to result in economic benefits relative to the 
Reference across the entire contiguous U.S. California is projected to experience the greatest 
benefits of mitigation in 2100, ranging from approximately $750 million to $1.0 billion. 
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APPROACHReducing Impacts through 
GHG Mitigation

Figure 3. Benefits of Global GHG Mitigation for U.S. Water Quality in 2100 
Avoided damages under the Mitigation scenario compared to the Reference in 2100 (millions 2014$).  

Damages are calculated for the 2,119 8-digit HUCs of the contiguous U.S., and aggregated to the  
18 Water Resource Regions (2-digit HUCs).

Figure 2. Change in U.S. Water Quality Damages 
with and without Global GHG Mitigation 

The CIRA analysis uses a series of linked 
models to evaluate the impacts of climate 
change on water quality in futures with and 
without global GHG mitigation. The analysis 
relies upon climate projections from two 
climate models: IGSM-CAM, which projects 
a relatively wetter future for most of the 
U.S., and the drier MIROC model. The CIRA 
temperature and precipitation projections 
inform a rainfall-runoff model (CLIRUN-II) 
that estimates river flow.46 A water demand 
model projects water requirements of the 
municipal and industrial (M&I), agriculture, 
and other sectors. The runoff and demand 
projections inform a water supply and 
demand model that estimates reservoir 
storage and release, and in turn produces 
a time series of water allocations for the 
various demands. After this allocation step, 
the analysis relies on the QUALIDAD water 
quality model to simulate a number of 
water quality constituents in rivers and 
reservoirs.47 Changes in overall water 
quality are estimated using changes in the 
Water Quality Index (WQI), a commonly 
used metric that combines multiple 
pollutant and water quality measures. 
Finally, a relationship between changes in 
the WQI and changes in the willingness to 
pay for improving water quality is used to 
estimate the economic implications of 
projected water quality changes. 

Results for the CIRA scenarios are 
compared to a Control to isolate the effect 
of climate change. See the Water Resources 
section of this report for information on 
projected changes in the Inland Flooding, 
Drought, and Water Supply and Demand 
sectors. Decreases in water quality due to 
climate change will likely have an adverse 
effect on human health due to, for example, 
the increased risk of harmful aquatic blooms 
and impacts on sources of drinking water. 
Human health effects due to decreased 
water quality are not estimated, but are 
important considerations to fully under-
stand climate change impacts in this sector. 
Inclusion of these effects would likely 
increase the benefits of GHG mitigation.

For more information on the CIRA 
approach and results for the water 
quality sector, please refer to 
Boehlert et al.48
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nfrastructure makes up the basic  
physical and organizational structure of 
our society and is by design interdepen-

dent and interconnected. Built infrastructure 
includes urban buildings; systems for energy, 
transportation, water, wastewater, drainage, 
and communication; industrial structures; 
and other products of human design and 
construction.1 U.S. infrastructure has enor-
mous value, both directly as a capital asset 
and indirectly to support human well-being 
and a productive economy.

Total public spending on transportation and 
water infrastructure exceeds $300 billion 
annually; roughly 25 percent of that total is 
spent at the federal level and accounts for 
three percent of total federal spending.2 
Recent analyses point to large gaps between 
existing capital and maintenance spending 
and the level of expenditure necessary to 
maintain current levels of services.3 

HOW IS INFRASTRUCTURE VULNERABLE 
TO CLIMATE CHANGE?
Experience over the past decade provides 
compelling evidence of how vulnerable 
infrastructure can be to climate change 
effects, including sea level rise, storm surge, 
and extreme weather events.4 Climate change 
will put added stress on the nation’s aging 
infrastructure to varying degrees over time. 

Sea level rise and storm surge, in combination 
with the pattern of heavy development in 
coastal areas, are already resulting in damage 
to infrastructure such as roads, buildings, 
ports, and energy facilities. Floods along the 
nation’s rivers, inside cities, and on lakes 
following heavy downpours, prolonged rains, 
and rapid melting of snowpack are damaging 
infrastructure in towns and cities, on farm-
lands, and in a variety of other places across 
the nation. In addition, extreme heat is dam-
aging transportation infrastructure such as 
roads, rails, and airport runways. 

WHAT DOES CIRA COVER?
CIRA analyzes potential climate change 
impacts and damages to four types of infra-
structure in the U.S.: roads, bridges, urban 
drainage, and coastal property. Analyses of 
several important types of infrastructure are 
not included in CIRA, particularly telecommu-
nications and energy transmission networks, 
and the Urban Drainage analysis only ana-
lyzes impacts in 50 cities of the contiguous 
U.S. Further, some analyses in this sector 
assume that adaptation measures will be 
well-timed. This likely results in conservative 
estimates of future damages, as history has 
shown that infrastructure investment and 
maintenance are often not implemented in 
optimal, well-timed ways.
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Road bridges are a central component of the 
U.S. transportation system. With the average 
U.S. bridge now over 40 years old, however, 
more than 250 million vehicles cross structur-
ally deficient bridges on a daily basis.5 Similar 
to other transportation infrastructure, bridges 
are vulnerable to a range of threats from 
climate change.6 Currently, most bridge 
failures are caused by scour, where swiftly 
moving water removes sediment from around 
bridge structural supports, weakening or 
destroying their foundations. Increased 
flooding and long-term river flow changes caused by climate change are expected to increase 
the frequency of bridge scour, further stressing the aging U.S. transportation system. 

Bridges
KEY FINDINGS Climate Change and Bridges
1

2

3

Without reductions in 
global GHG emissions, an 
estimated 190,000 inland 
bridges across the nation 
will be structurally vulnera-
ble because of climate 
change by the end of the 
century. In some areas, 
more than 50% of bridges 
are projected to be vulner-
able as a result of unmiti-
gated climate change. This 
analysis estimates the 
damages of climate change 
in terms of increased costs 
to maintain current levels 
of service (i.e. adaptation 
costs). Without adaptation, 
climate change could render 
many bridges unusable, 
leading to large economic 
damages.

Global GHG mitigation is 
estimated to substantially 
reduce the number of 
bridges across the U.S. that 
become vulnerable in the 
21st century by reducing the 
projected increase in peak 
river flows under the Refer-
ence scenario. 

Global GHG mitigation is 
projected to reduce adapta-
tion costs that would be 
incurred under the Refer-
ence scenario. The benefits 
of global GHG mitigation 
are estimated at $3.4-$42 
billion from 2010-2050 and  
$10-$15 billion from 2051-
2100 (discounted at 3%).

Risks of Inaction
Increased inland flooding caused by climate change threatens bridges across the U.S. and risks  
a net increase in maintenance costs. Figure 1 shows the number and percent of bridges in each 
hydrologic region of the contiguous U.S. identified as vulnerable to climate change in the late 21st 
century under the Reference scenario using the IGSM-CAM climate model. In total, approximately 
190,000 bridges are identified as vulnerable. In addition, the costs of adapting bridges to climate 
change under the Reference scenario are estimated at $170 billion for the period from 2010 to 
2050, and $24 billion for the period from 2051 to 2100 (discounted at 3%). The higher costs 
during the first half of the century are primarily due to the large number of vulnerable bridges 
that require strengthening in the near term in the face of increasing peak river flows due to 
climate change. These findings regarding near-term bridge vulnerability and adaptation costs 
due to unmitigated climate change are consistent with the findings of the assessment literature.7

Figure 1. Bridges Identified as Vulnerable in the Second Half of the  
21st Century Due to Unmitigated Climate Change

Estimated number of vulnerable bridges in each of the 2-digit hydrologic unit codes (HUCs) of the contiguous  
U.S. in the period from 2051-2100 under the Reference scenario using the IGSM-CAM climate model. The map 

also shows the percentage of inland bridges in each HUC that are vulnerable due to climate change. 
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APPROACHReducing Impacts through 
GHG Mitigation
As shown in Figure 2, global GHG mitigation is 
projected to substantially reduce the number 
of vulnerable bridges in many areas of the 
contiguous U.S. compared to the Reference 
scenario (Figure 1). For example, the percent-
age of vulnerable bridges in the Northwest 
region, which includes Washington and parts 
of Oregon and Idaho, is reduced from 56% 
under the Reference to 25% under the 
Mitigation scenario. At the national scale, the 
total number of vulnerable bridges is reduced 
by roughly 40,000 through 2050 compared to 
the Reference scenario, and by over 110,000 in 
the second half of the century. 

In addition, the analysis estimates that 
global GHG mitigation reduces the costs of 
adaptation substantially relative to the 
Reference scenario. In the period from 2010 to 
2050, costs under the Mitigation scenario are 
approximately $42 billion lower than under 
the Reference (discounted at 3%). Although 
adaptation costs are lower in the second half 
of the century, costs under the Mitigation 
scenario are nearly 60% lower than they are 
under the Reference scenario, with savings 
estimated at $15 billion (discounted at 3%). 
These results rely upon climate projections 
using the IGSM-CAM, which projects a 

relatively wetter future for most of the U.S. 
compared to the MIROC climate model (see 
the Levels of Certainty section of this report for 
more information). The projected benefits of 
global GHG mitigation are lower with the drier 
MIROC model (not shown) for the 2010-2050 
period, at approximately $3.4 billion, but are 
higher in the 2051-2100 period, at approxi-
mately $10 billion (discounted at 3%). 

Figure 2. Bridges Identified as Vulnerable in the Second Half of the  
21st Century with Global GHG Mitigation

Estimated number of vulnerable bridges in each of the 2-digit HUCs of the contiguous U.S. in the period  
from 2051-2100 under the Mitigation scenario using the IGSM-CAM climate model. The map also shows  

the percentage of inland bridges in each HUC that are vulnerable due to climate change. 

The CIRA analysis identifies inland 
bridges in the contiguous U.S. that 
may be vulnerable to increased peak 
river flows due to climate change and 
estimates the costs to adapt the at-risk 
infrastructure.8 The analysis relies 
upon climate projections from two 
climate models: IGSM-CAM, which 
projects a relatively wetter future for 
most of the U.S., and the drier MIROC 
model. Bridge performance and 
vulnerability are determined using the 
National Bridge Inventory database 
and are based on the following four 
elements:

• substructure condition;
•  channel and channel protection 

condition;
• waterway adequacy; and
• vulnerability to scour.

The analysis estimates the timing of 
bridge vulnerability (based on the 
100-year, 24-hour storm event), and 
the adaptation costs of maintaining 
the current condition and level of 
service of the at-risk bridges. Two 
types of bridge fortification and the 
costs of their implementation are 
analyzed: the use of riprap (large rocks 
and rubble) to stabilize bridge founda-
tions and the use of additional con-
crete to strengthen bridge piers and 
abutments. Although there will likely 
be significant changes to the nation’s 
bridges over the course of the centu-
ry—some bridges will be strength-
ened, some will deteriorate, some will 
be removed, and new bridges will be 
built—this analysis estimates the costs 
of adapting the nation’s existing bridge 
infrastructure to different future 
climates based on its current state (i.e., 
the additional costs due to climate 
change are isolated).9,10

For more information on the CIRA 
approach and results for the 
bridges sector, please refer to 
Neumann et al. (2014)11 and Wright 
et al. (2012).12 



KEY FINDINGS Climate Change and Roads
1

2

3

Climate change is projected 
to increase the cost of 
maintaining road infrastruc-
ture. This analysis estimates 
the damages of climate 
change in terms of in-
creased costs to maintain 
current levels of service (i.e. 
adaptation costs). Without 
adaptation, climate change 
could render many road-
ways unusable, leading to 
large economic damages. 

In all regions, adaptation 
costs associated with the 
effects of higher tempera-
tures on paved roadways 
are estimated to increase 
over time. In the central 
regions of the country, in 
particular, changes in 
precipitation patterns are 
projected to increase costs 
associated with re-grading 
unpaved roadways. 

Without global GHG  
mitigation, adaptation 
costs in 2100 in the U.S. 
roads sector are estimated 
to range from $5.8-$10 
billion. 

Global GHG mitigation  
is projected to avoid an 
estimated $4.2-$7.4 billion 
of the damages under the 
Reference scenario in 2100. 

The U.S. road network is one of the nation’s 
most important capital assets. Climate stress 
on roads will likely change in the future, with 
various potential impacts and adaptation 
costs.13 For example, roads may experience 
more frequent buckling due to increased 
temperatures, more frequent washouts of 
unpaved surfaces from increases in intense 
precipitation, and changes in freeze-thaw 
cycles that cause cracking.14

Without reductions in global GHG emissions, the costs of maintaining, repairing, and replacing 
pavement are projected to increase, which is consistent with the findings of the assessment 
literature regarding adaptation costs for road infrastructure.15 Figure 1 presents the estimated 
regional damages (in the form of adaptation costs) to the U.S. road network under the Refer-
ence scenario using the ISGM-CAM climate model. The greatest impacts are projected to occur 
in the Great Plains region, where costs are mainly due to erosion of unpaved roads associated 
with increased precipitation. Costs associated with the use of different pavement binders to 
avoid cracking of paved roads are also high, particularly in the Midwest and Southeast regions, 
and they increase over time in all regions due to the projected rise in temperature. Costs of 
resealing roads after freeze-thaw events decrease over time as the climate changes, but the 
magnitude of the decrease does not offset the projected increase in other costs. 

Risks of Inaction

Figure 1. Projected Impacts of Unmitigated  
Climate Change on U.S. Road Infrastructure

Adaptation costs (billions 2014$, undiscounted) under the Reference scenario using the IGSM-CAM climate 
model. Results are presented for the six regions used in the Third National Climate Assessment. 
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Adaptation costs for the 
U.S. road network are 
substantially reduced 
with global GHG mitiga-
tion compared to the 
Reference scenario 
(Figure 2). These reduc-
tions are due in large part 
to the effect of lower 
temperatures under the 
Mitigation scenario on 
maintenance needs for 
paved roads. Specifically, 
costs associated with 
asphalt binders account 
for a large share of the 
adaptation costs national-
ly under the Reference, and these costs are 
significantly lower with mitigation. Costs 
associated with adaptation for unpaved roads 
are also substantially lower under the 
Mitigation scenario, as heavy precipitation 
events are projected to be less severe 
compared to the Reference. Costs of resealing 
roads after freeze-thaw cycles are projected 
to decrease under both scenarios, but the 
magnitude of the decrease does not offset 
the projected increase in other costs. 

By 2050, the adaptation costs under the 
Reference scenario are substantially higher, 

illustrating the benefits 
that accrue over time 
with GHG mitigation. In 
addition, although the 
costs of adaptation 
increase over the course 
of the century under 
both scenarios, they do 
so at a much faster rate 
under the Reference. 
Under the Reference, 
adaptation costs are 
estimated at approxi-
mately $10 billion in 
2100, whereas under the 
Mitigation scenario costs 
are estimated at $2.6 

billion. As a result, global GHG mitigation is 
projected to avoid over $7 billion in damag-
es in 2100. These results rely upon climate 
projections from the IGSM-CAM, which 
projects a relatively wetter future for most of 
the U.S. compared to the MIROC climate 
model (see the Levels of Certainty section of 
this report for more information). The 
projected benefits of global GHG mitigation 
are lower with the drier MIROC model (not 
shown), at $4.2 billion in 2100, reflecting the 
reduced impact of precipitation on unpaved 
roads under both scenarios.16

APPROACHReducing Impacts through 
GHG Mitigation The CIRA approach assesses four risks 

to road infrastructure associated with 
climate change: 

•  rutting of paved roads from 
precipitation;

•  rutting of paved roads caused by 
freeze-thaw cycles;

•  cracking of paved roads due to 
high temperatures; and

•  erosion of unpaved roads from 
precipitation. 

The CIRA analysis examines the 
implications of changes in climate 
over time for the U.S. road network 
based on stressor-response functions 
for each of the above effects. The 
analysis considers the effects of 
temperature and precipitation, but 
does not include impacts due to sea 
level rise and storm surge, which 
would likely increase damages to 
roads. The analysis relies upon climate 
projections from two climate models: 
IGSM-CAM, which projects a relatively 
wetter future for most of the U.S., and 
the drier MIROC model. 

The costs of adaptation to effective-
ly counteract the climate change 
impacts and maintain roads at their 
current levels of service are estimated 
for each of the CIRA scenarios. As 
there will be continued maintenance 
needs over time, this analysis focuses 
on the additional costs due to climate 
change. The response measures 
include more frequent resealing to 
avoid rutting; use of different pave-
ment binders during resurfacing to 
avoid cracking of asphalt-paved 
roads; and more frequent re-grading 
of unpaved roads to minimize erosion 
impacts. This analysis assumes 
well-timed adaptation to maintain 
service levels, a potentially overly 
optimistic assumption given that 
infrastructure investments are 
oftentimes delayed. 

For more information on the CIRA 
approach and results for the roads 
sector, please refer to Neumann et 
al. (2014)17 and Chinowsky et al. 
(2013).18

Figure 2. Projected Impacts on U.S. Road Infrastructure  
with and without Global GHG Mitigation

Costs of adaptation for the Reference and Mitigation scenarios using the IGSM-CAM climate  
model (billions 2014$). The reduction in adaptation costs under the Mitigation scenario relative  

to the Reference reflects the benefits of global GHG mitigation.
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Urban drainage systems capture and treat 
stormwater runoff and prevent urban flooding. 
During storm events, the volume of runoff 
flowing into drainage systems and the ability of 
these systems to manage runoff depend on a 
variety of site-specific factors, such as the 
imperviousness of the land area in the drainage 
basin. Changes in storm intensity associated 
with climate change have the potential to 
overburden drainage systems, which may lead 
to flood damage, disruptions to local transpor-
tation systems, discharges of untreated sewage to waterways, and increased human health 
risks.19 In areas where precipitation intensity increases significantly, adaptation investments 
may be necessary to prevent runoff volumes from exceeding system capacity. 
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Urban Drainage
KEY FINDINGS Climate Change and Drainage
1

2

3

Climate change is project-
ed to result in increased 
adaptation costs for urban 
drainage systems in cities 
across the U.S., particularly 
in the Great Plains region. 

Without global GHG  
mitigation, adaptation  
costs in 2100 associated 
with the 50-year, 24-hour 
storm in 50 major U.S.  
cities are projected to 
range from $1.1-$12 billion. 

Global GHG mitigation  
is projected to result in 
cost savings for urban 
drainage systems in these 
cities ranging from $50 
million to $6.4 billion in 
2100 for the 50-year, 
24-hour storm, depending 
on the climate model used. 
Inclusion of all U.S. cities 
would likely increase the 
cost savings by a substan-
tial amount. 

Without global GHG mitigation, climate change is projected to result in increased adaptation 
costs for urban drainage infrastructure, a finding that is consistent with the conclusions of the 
assessment literature.20 Figure 1 presents the projected costs for the 50 modeled cities in 2050 
and 2100 under the Reference scenario using the IGSM-CAM climate model for the three 
categories of storm events modeled (24-hour events with precipitation intensities occurring 
every 10, 25, and 50 years).21 The average per-square-mile costs are projected to be highest in 
the Great Plains region in both 2050 and 2100 due to the projected increase in heavy precipita-
tion in that region. Adaptation costs are estimated to be relatively low in the Southwest due to 
the projected reduction in precipitation in that region. 

Risks of Inaction

Figure 1. Projected Impacts of Unmitigated Climate Change  
on U.S. Urban Drainage Systems 

Weighted average per-square-mile adaptation costs (millions 2014$, undiscounted) in 2050 and 2100 for the 
10-, 25-, and 50-year storms under the Reference scenario using the IGSM-CAM climate model. Costs for each of 
the 50 modeled cities (shown) are aggregated to the six regions used in the Third National Climate Assessment. 
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Urban Drainage
APPROACHReducing Impacts through 

GHG Mitigation

Figure 2. Projected Impacts on Urban Drainage Systems in 50 U.S. Cities  
with and without Global GHG Mitigation

Projected adaptation costs in 2050 and 2100 for the Reference and Mitigation scenarios using the IGSM-CAM 
climate model (billions 2014$). The values of the red bars represent the sum of all adaptation costs  

shown in Figure 1 for the years 2050 and 2100.

The CIRA analysis estimates the costs 
of adapting urban drainage systems 
to meet future demands of increased 
runoff associated with more intense 
rainfall under climate change. The 
analysis relies upon climate projec-
tions from two climate models: 
IGSM-CAM, which projects a relatively 
wetter future for most of the U.S., and 
the drier MIROC model. Adaptive 
actions focus on the use of best 
management practices to limit the 
quantity of runoff entering stormwater 
systems. While many site-specific 
factors influence the effect of climate 
change on a given drainage system, 
the CIRA analysis uses a streamlined 
approach that allows for the assess-
ment of potential impacts in multiple 
U.S. cities under the CIRA scenarios.22 
Specifically, the analysis uses a 
reduced-form approach for projecting 
changes in flood depth and the 
associated costs of flood prevention, 
based on an approach derived from 
EPA’s Storm Water Management 
Model (SWMM).

The simplified approach yields 
impact estimates in units of average 
adaptation costs per square mile for a 
total of 50 cities across the contiguous 
U.S. (see Figure 1) for three categories 
of 24-hour storm events (those with 
precipitation intensities occurring 
every 10, 25, and 50 years—metrics 
commonly used in infrastructure 
planning) and four future time periods 
(2025, 2050, 2075, and 2100). The 
analysis assumes that the systems are 
able to manage runoff associated with 
historical climate conditions, and 
estimates the costs of implementing 
the adaptation measures necessary to 
manage increased runoff under 
climate change. 

For more information on the CIRA 
approach and results for the urban 
drainage sector, please refer to 
Neumann et al. (2014)23 and Price et 
al. (2014).24,25

Global GHG mitigation is projected to result in 
substantial adaptation cost savings for urban 
drainage systems in the 50 modeled cities 
(Figure 2). Overall, cost savings are projected 
to be higher in 2100 than in 2050, and increase 
according to the intensity of the storm 
modeled, with the greatest savings occurring 
for the 50-year, 24-hour storm. For this 
particular storm event, total adaptation costs 
for the modeled cities are projected to be $12 
billion in 2100 under the Reference. Under the 
Mitigation scenario, these costs are reduced to 
approximately $5.5 billion, which represents a 
cost savings of approximately $6.4 billion. Cost 
savings for the 10- and 25-year storms under 
the Mitigation scenario are approximately $3.9 
billion and $5.1 billion, respectively, in 2100. 
Looking across the contiguous U.S., the Great 
Plains region is projected to experience the 
largest reductions in adaptation costs as a 
result of global GHG mitigation. These results rely upon climate projections from the IGSM-CAM, 
which projects a relatively wetter future for most of the U.S. compared to the MIROC climate 
model (see the Levels of Certainty section of this report for more information). Using the drier 
MIROC model, projected benefits of GHG mitigation for the modeled cities associated with the 
50-year, 24-hour storm event are estimated at $50 million.
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Coastal Property
KEY FINDINGS Climate Change and  

Coastal Property

Risks of Inaction

1

2

3

4

A large area of U.S. coastal 
land and property is at risk 
of inundation from global 
sea level rise, and an even 
larger area is at risk of 
damage from storm surge, 
which will intensify as sea 
levels continue to rise.

Without adaptation, unmiti-
gated climate change is 
projected to result in  
$5.0 trillion in damages for 
coastal property in the 
contiguous U.S. through 
2100 (discounted at 3%). 
Protective coastal adapta-
tion measures significantly 
reduce total costs to an 
estimated $810 billion. 
 
Global GHG mitigation 
reduces adaptation costs 
for coastal areas, but the 
majority of benefits occur 
late in the century.

Areas of higher social 
vulnerability are more  
likely to be abandoned  
than protected in response 
to unmitigated sea level  
rise and storm surge.  
GHG mitigation decreases 
this risk.

Coastal areas in the U.S. are some of the most 
densely populated, developed areas in the 
nation, and they contain a wealth of natural 
and economic resources. Rising temperatures 
are causing ice sheets and glaciers to melt and 
ocean waters to expand, contributing to global 
sea level rise at increasing rates. Sea level rise 
threatens to inundate many low-lying coastal 
areas and increase flooding, erosion, wetland 
habitat loss, and saltwater intrusion into 
estuaries and freshwater aquifers. The com-
bined effects of sea level rise and other climate 
change factors, such as increased intensity of 
coastal storms, may cause rapid and irrevers-
ible change.26 

Sea level rise and storm surge pose increasingly large risks to coastal property, including costs 
associated with property abandonment, residual storm damages, and protective adaptation 
measures (e.g., elevating properties and armoring shorelines). As shown in Figure 1, the analysis 
estimates that under the Reference scenario the cumulative damages to coastal property across 
the contiguous U.S. will be $5.0 trillion through 2100 (discounted at 3%) if no adaptation 
measures are implemented. If adaptation measures are taken, these damages are reduced to 
$810 billion. Projections of increasing risks of sea level rise and storm surge for coastal property, 
and of the potential for adaptation to reduce overall costs, are consistent with the findings of the 
assessment literature.27 The graphic above illustrates the importance of these potential impacts 
at a local scale by identifying at-risk land in the Tampa Bay, FL area. In this locale, approximately 
83,000 acres are projected to be at risk of inundation due to sea level rise by 2100, and an 
additional 51,000 acres are projected to be at risk of significant storm surge. The total area at 
risk (130,000 acres) is approximately one and a half times the size of the City of Tampa. 

Figure 1. Costs of Sea Level Rise and Storm Surge to Coastal Property 
with and without Adaptation under the Reference Scenario

The step-wise nature of the graph is due to the fact that storm surge risks are evaluated every ten years, 
beginning in 2005. Costs with adaptation include the value of abandoned property, residual storm  

damages, and costs of protective adaptation measures (trillions 2014$).
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Coastal Property
Reducing Impacts through 
GHG Mitigation
Under the Mitigation scenario, total costs (i.e., property damages and protective investments) 
across the contiguous U.S. are estimated at $790 billion through 2100 (discounted at 3%), about 
3% less than the Reference scenario.28 The effect of global GHG mitigation in reducing adapta-
tion costs is modest and is likely underestimated in this analysis for several reasons. First, as 
described in the CIRA Framework section, global sea level rise is similar under the Reference and 
Mitigation scenarios through mid-century. It is not until the second half of the century when the 
benefits of reduced sea level rise under the Mitigation scenario become apparent. Further, the 
proportional effect of global GHG mitigation in reducing the rate of sea level rise is smaller 
under the CIRA scenarios compared to other scenarios in the literature.29 

Second, when considering the present value total cost under the Reference and Mitigation 
scenarios, avoided adaptation costs accrued in later years are more heavily affected by discount-
ing.30 Third, the analysis assumes that coastal areas will implement cost-efficient and well-timed 
adaptation measures in response to the risks under both the Reference and Mitigation scenarios. 
Since many parts of the coastline are not sufficiently protected today, and because adaptation 
measures that are taken are oftentimes not well-timed, the CIRA estimates for this sector likely 
underestimate damages. For comparison purposes, the benefits of global GHG mitigation 
increase by a factor of ten if adaptation measures are not implemented.

Figure 2 shows the costs of adaptation for coastal properties (including the value of properties 
that are abandoned due to the severity of sea level rise or storm surge damages) for 17 key sites 
under the Reference and Mitigation scenarios. As shown, costs are only modestly lower under 
the Mitigation scenario. Costs vary across sites primarily due to the value of property at risk 
and the severity of the storm surge threats. For example, adaptation costs are comparatively 
higher in sites, such as Tampa and Miami, where there are many high-value properties in 
low-lying areas and high levels of storm surge are projected in the future.

The CIRA analysis identifies at-risk coastal 
property across the contiguous U.S. and 
estimates the costs that would be incurred 
due to climate change, with and without 
adaptation. Importantly, impacts to other 
coastal assets (e.g., roads and ecological 
resources) are not estimated in this analysis. 
The analysis relies upon sea level rise 
projections through 210031 that account for 
dynamic ice-sheet melting based on a 
semi-empirical model,32 and are adjusted 
for regional land movement using local tide 
gauge data.33 The analysis then uses a 
tropical cyclone simulator34 and a storm 
surge model35 to estimate the joint effects 
of sea level rise and storm surge for East 
and Gulf Coast sites, and an analysis of 
historic tide gauge data to project future 
flood levels for West Coast sites.36

Using EPA’s National Coastal Property 
Model, the CIRA analysis estimates how 
areas along the coast may respond to sea 
level rise and storm surge and calculates 
the economic impacts of adaptation 
decisions (i.e., damages due to climate 
change). The approach uses four primary 
responses to protect coastal land and 
property: beach nourishment; property 
elevation; shoreline armoring; and 
property abandonment. The model 
projects an adaptation response for areas 
at risk based on sea level rise, storm surge 
height, property value, and costs of 
protective measures. Developed using a 
simple metric to estimate potential 
adaptation responses in a consistent 
manner for the entire coastline, the 
estimates presented here should not be 
construed as recommending any specific 
policy or adaptive action. Further, addition-
al adaptation options not included in this 
analysis, such as marsh restoration, may be 
appropriate and potentially more cost-ef-
fective for some locales. The analysis also 
explores the potential impact of climate 
change on socially disadvantaged 
populations (see the Environmental Justice 
section of this report).

For more information on the CIRA 
approach and results for the coastal 
property sector, please refer to Neu-
mann et al. (2014a)37 and Neumann et 
al. (2014b).38
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Figure 2. Costs to Coastal Property of Sea Level Rise and  
Storm Surge through 2100

Costs are shown for 17 multi-county coastal areas that were modeled for sea level rise and  
storm surge impacts and potential adaptation response (billions 2014$).
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uilding on the coastal property impacts described in the previous section, this 
analysis examines the environmental justice implications of projected sea level rise 
and storm surge in the contiguous U.S. Specifically, the approach quantifies how sea 

level rise and storm surge risks are distributed across different socioeconomic populations 
along the U.S. coastline; how these populations are likely to respond; and what adaptation 
costs (i.e., property damage and protection investments) will potentially be incurred. 

The CIRA analysis uses the Social Vulnerability 
Index (SoVI) to identify socially vulnerable 
coastal communities in the U.S.39 SoVI was 
developed to quantify social vulnerability 
using county-level (and later Census 
tract-level) socioeconomic and demographic 
data. The index is a well-vetted tool, and does 
not include any environmental risk factors, 
thereby eliminating the risk of double 
counting climate risk when socioeconomic 
and demographic data are combined with sea 
level rise and storm surge vulnerability.40 The 
CIRA analysis uses Census tract-level SoVI 
values based on 2000 Census data for 26 
demographic variables, capturing informa-
tion on wealth, gender, age, race, and 
employment. Figure 1 shows the SoVI index 
values for the four coastal regions used in the 
analysis: Pacific (California through Washing-
ton), North Atlantic (Maine through Virginia), 
South Atlantic (North Carolina through 
Monroe County, Florida), and Gulf (Collier 
County, Florida through Texas). 

The Social Vulnerability Index
Figure 1. Social Vulnerability Index for the Coastal U.S. 

Census tract-level SoVI values are regionally normalized to allow for comparisons of the SoVI scores within each 
area. Areas with low SoVI scores (i.e., people with lower social vulnerability) are shaded in green and areas with 

higher SoVI scores (i.e., people with greater social vulnerability) are shaded in pink. 
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EPA’s National Coastal Property Model identifies areas 
along the contiguous U.S. coastline that are likely to be 
at risk from sea level rise and storm surge through 
2100.41, 42 By layering these projections on top of the 
SoVI results, following the approach described in 
Martinich et al. (2013),43 the analysis assesses the 
potential impact of sea level rise and storm surge on 
socially disadvantaged populations in coastal areas. 
Figure 2 presents a case study of the Tampa Bay, Florida 
area (Pinellas and Hillsborough Counties). The area from 
the water to the gray lines represents the projected area 
at risk of inundation due to sea level rise, while the area 
from the water to the black lines represents projected 
areas at risk from significant storm surge damage in 
2100.44 As shown, there are areas with higher socially 
vulnerable populations (pink shading) near the city of 
Tampa, in particular, that are projected to be at risk of 
significant storm surge damages.

Figure 2. Social Vulnerability of Areas at Risk from Sea Level Rise and 
Storm Surge in the Tampa Bay Area by 2100 under the Reference Scenario

Figure 3 compares the number of people in the 17 multi-county 
coastal areas (see previous section for locations) identified as at risk 
due to climate change under the Reference and Mitigation scenarios, 
by SoVI category. As shown, the Mitigation scenario reduces the 
number of at-risk people compared to the Reference scenario for all 
SoVI categories. The benefits of global GHG mitigation are particularly 
high for the population identified by the SoVI as most socially 
vulnerable; for this population, the number of at-risk people is reduced 
by 23% under the Mitigation scenario compared to the Reference. 

The CIRA analysis also projects adaptation responses based on sea 
level rise, storm surge height, property value, and costs of adaptation.45 

The model estimates whether people living in coastal areas are likely 
to respond to climate threats by: 1) protecting property through 
beach nourishment, property elevation, or shoreline armoring; 2) 
abandoning property, or 3) incurring storm surge damages without 
adapting. Figure 4 presents the adaptation results, by area, for the five 
SoVI categories in the Reference. More area is likely to be abandoned 
than protected across all social vulnerability categories. However, in 
the most vulnerable SoVI categories (0.6-1.5 and greater than 1.5), a 
relatively larger proportion of the area inhabited is likely to be 
abandoned (89% and 86%, respectively) rather than protected 
through adaptation measures (8% and 10%, respectively). 

Case Study: Tampa Bay Area

National Results 

Figure 3. Social Vulnerability of Populations at Risk  
from Sea Level Rise and Storm Surge through 2100  

with and without Global GHG Mitigation 
Vulnerability estimated in 17 multi-county coastal areas in the contiguous U.S., 

along with the estimated percent changes from Reference to Mitigation.

Figure 4. Adaptation Measures by  
SoVI Category under the Reference Scenario
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E lectricity is an essential element  
of modern life. It lights and cools  
our homes, powers our computers, 

supports the production of goods and ser-
vices, and enables critical infrastructure 
services such as water treatment and tele-
communications. The generation of electricity 
in the U.S., most of which comes from fossil 
fuels, also contributes to climate change, 
accounting for approximately 30% of U.S. 
greenhouse gas emissions.1 
 
HOW IS THE ELECTRICITY SECTOR  
VULNERABLE TO CLIMATE CHANGE? 
Climate change has implications for electricity 
production, distribution, and use.2 For exam-
ple, coastal electricity infrastructure, such as 
power plants and substations, are vulnerable 
to storm surge and wind damage. Elevated 
temperatures diminish thermal power plant 
efficiency and capacity, and can reduce the 
capacity of transmission lines. In addition, 
effects on water supply alter the quantity and 
temperature of cooling water available for 
thermoelectric generation.3 On the demand 
side, warmer winters decrease the demand 
for heating. However, this reduction is smaller 
than the increase in electricity demand for 
cooling due to higher summer temperatures. 
Across the U.S., higher minimum temperatures 

increase the number of days in a year when 
air conditioning is needed, and higher  
maximum temperatures increase the peak 
electricity demand, further stressing our 
aging power grid.

WHAT DOES CIRA COVER? 
Numerous studies highlight the potential for 
emission reductions in the electricity sector, 
yet fewer studies have explored the physical, 
operational, and economic impacts of a chang-
ing climate on this sector. CIRA assesses the 
impacts of rising temperatures on electricity 
demand, system costs, and the generation mix 
needed to meet increasing demand across the 
contiguous U.S. through 2050.4 Importantly, 
impacts to the demand and supply of other 
energy sources (e.g., fuel for transportation) 
are not estimated. Also, the electricity supply 
analysis does not include the effects of climate 
change on hydropower and water availability 
for thermoelectric power generation. Addi-
tional work is necessary to further evaluate 
climate change impacts on electricity supply, 
particularly the effects of extreme heat events 
and storm damage on capacity and reliability. 
Finally, future work to improve connectivity 
between the CIRA electricity, water, and 
agriculture analyses will aid in better under-
standing potential cross-sector impacts. 



46

KEY FINDINGS Climate Change and 
Electricity Demand1

2

Without global GHG  
mitigation, rising tempera-
tures will likely result in 
higher electricity demand 
across the country, as the 
increased need for air 
conditioning outweighs 
decreases in electric heat-
ing requirements. The 
estimated percent increase 
in electricity demand for air 
conditioning is highest in 
the Northeast and North-
west regions.

Global GHG mitigation, 
which lessens the rise in 
temperature, is projected 
to lead to lower electricity 
demand across all regions 
of the country relative to 
the Reference scenario. 

 Risks of Inaction
Rising temperatures are projected to increase electricity demands for cooling. Figure 1 shows 
the percent change in regional heating and cooling degree days (HDDs/CDDs, see Approach 
for definitions) from 2005 to 2050 in the Reference scenario. Results are presented for the three 
models used in the analysis (GCAM, ReEDS, and IPM), which exhibit similar trends of falling 
HDDs (shown in purple) and rising CDDs (shown in orange). These trends are consistent with 
projections described in the assessment literature.8 Across the U.S., HDDs decrease between 
18%-29% on average, with greater decreases occurring in the South due in part to already-high 
temperatures. The increase in CDDs is highest in the Northeast and Northwest (68% and 71% on 
average, respectively). The projected changes in HDDs and CDDs have implications for regional 
electricity demand. Average U.S. electricity demand is projected to increase under the Reference 
by 1.5%-6.5% by 2050, compared to a Control with no temperature change. Across the regions 
and models shown in Figure 2, electricity demand is projected to increase by 0.5%-9.0%, with 
the exception of the ReEDS model in the Northwest, which projects a decrease of 0.5%.9 

Figure 1. Projected Impact of Unmitigated Climate Change on Regional Heating 
and Cooling Degree Days from 2005 to 2050 

Percent change in HDDs and CDDs from 2005 to 2050 under the Reference compared to a Control with no 
temperature change. Results are presented for six regions and for the three models used in the analysis.
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As air temperatures rise due to climate change, electricity demands for cooling are expected to 
increase in every U.S. region.5 Higher summer temperatures, particularly during heat waves, will 
likely increase peak electricity demand, placing more stress on the electricity grid and increasing 
electricity costs. Although the majority of U.S. residential and commercial cooling demand is met 
with electricity, less than 9% of heating demand is met with electricity.6, 7 Therefore, although 
higher average temperatures are expected to reduce electricity demands for heating, net electric-
ity use is projected to increase under climate change. This section presents estimated impacts on 
electricity demand, but does not consider impacts on demand for other fuel sources used in 
residential cooling or heating.
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APPROACHReducing Impacts through 
GHG Mitigation
Global GHG emissions reductions under the Mitigation 
scenario result in smaller increases in temperatures 
compared to the Reference, thereby reducing cooling 
demand across the country. Figure 2 illustrates this 
effect, presenting the change in regional energy 
demand in 2050 in the Reference and Mitigation 
scenarios relative to a Control with no temperature 
change. As shown, the change in demand in the 
Mitigation scenario is consistently lower than in the 
Reference across all of the models. This decrease in 
demand is due in large part to lower temperatures under 
the Mitigation scenario compared to the Reference, and 
in the GCAM and ReEDS models the lower demand is 
also due to an increase in electricity costs associated 
with reducing GHG emissions. The impact of GHG 
mitigation on electricity supply is discussed in greater 
detail in the Electricity Supply section of this report. 

Figure 2. Change in Regional Electricity Demand in 2050  
with and without Global GHG Mitigation 

Change in regional electricity demand for the Reference and Mitigation scenarios relative to a Control  
(no temperature change). Results are presented for six regions and for each of the three  

models used in the analysis (GCAM, ReEDS, and IPM). 

The CIRA analysis examines how 
rising temperatures under climate 
change will affect electricity demand. 
It applies a common set of tempera-
ture projections from IGSM-CAM to 
three models of the U.S. electric 
power sector: 

•  Global Change Assessment  
Model (GCAM-USA): a detailed, 
service-based building energy 
model for the 50 U.S. states;10, 11

•  Regional Electricity Deployment 
System Model (ReEDS): a technolo-
gy-rich model of the deployment 
of electric power generation 
technologies and transmission 
infrastructure for the contiguous 
U.S.;12 and 

•  Integrated Planning Model (IPM®): 
a dispatch and capacity planning 
model used by the public and 
private sectors to inform business 
and policy decisions.13 

The models project changes in electric-
ity demand as functions of changes in 
heating and cooling degree-days 
(HDDs/CDDs). HDDs and CDDs are 
one way to measure the influence of 
temperature change on energy 
demand. They measure the difference 
between outdoor temperatures and a 
temperature that people generally find 
comfortable indoors. These measure-
ments suggest how much energy 
people might need to use to heat and 
cool their homes and workplaces. The 
analysis compares the results across 
the CIRA scenarios, while also ac-
counting for non-climate changes in 
electricity demand (e.g., population 
and economic growth). To assess the 
effect of rising temperatures in the 
Reference and Mitigation scenarios, 
changes in heating and cooling degree 
days and electricity demand are 
compared to a Control that assumes 
temperatures do not change over time. 

For more information on the CIRA 
approach and results for the 
electricity demand sector, please 
refer to McFarland et al. (2015).14
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KEY FINDINGS Climate Change and  
Electricity Supply 

Effects on Electricity 
Generation

1

2

Projected electricity supply 
is higher in all three electric 
power sector models under 
the Reference scenario, 
reflecting a higher demand 
for cooling, and lower under 
the Mitigation scenario as a 
result of lower temperatures 
and the demand response 
to GHG mitigation.

The relative magnitude of 
costs to the electric power 
system are similar under 
the Reference and Mitiga-
tion scenarios, highlighting 
that the costs associated 
with rising temperatures in 
the Reference are compara-
ble to the costs associated 
with reducing GHG emis-
sions in the Mitigation 
scenario. Specifically, the 
higher demands under  
the Reference scenario 
increase system costs by 
1.7%-8.3% above the Con-
trol. Under the Mitigation 
scenario, system costs 
increase by 2.3%-10% 
above the Control, or 0.6%-
5.5% above Reference 
scenario costs. 

As described in the Electricity Demand section, warmer air temperatures under climate change 
are expected to result in higher demand for electricity, leading to the need for increased 
capacity in the power system to meet this demand. At the same time, higher temperatures 
reduce the capacity of both thermal power plants and transmission lines. 

The power sector accounts for the largest share of GHG emissions in the U.S.,15 and is also 
considered the most cost-effective source of emission reductions under mitigation policies.16  

A variety of impacts and changes are therefore expected to occur in this sector, including 
changes in sector emissions, system costs, and generation mix (i.e., the assortment of fuels 
used to generate electricity). 

In the CIRA analyses, a large amount of CO2 reductions in the U.S. under the Mitigation scenario 
occur in the electricity sector.17 As a result, the generation capacity and mix of energy sources 
used to produce electricity is projected to change over time. Figure 1 shows the projected 
change in generation mix in 2050 from the three electric power sector models under the CIRA 
scenarios. Projected electricity supply is higher in all three models under the Reference, 
reflecting a higher demand for cooling, and lower under the Mitigation scenario as a result of 
lower temperatures and the costs of reducing GHG emissions. For any given model, the supply 
mix in the Reference does not differ substantially from the Control, which accounts for future 
population and economic growth, but no temperature change. However, all three models 
under the Mitigation scenario project substantial reductions in coal generation and expanded 
generation from nuclear and renewables. 
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APPROACH
The CIRA analysis assesses impacts on 
the U.S. electricity sector’s supply side 
using the same three models described 
in the Electricity Demand section. The 
models project changes in the genera-
tion mix needed to meet increasing 
demand due to future warming and 
socioeconomic changes (e.g., popula-
tion and economic growth) under the 
CIRA scenarios. The three models also 
estimate the corresponding system 
costs—comprised of capital, opera-
tions and maintenance, and fuel 
costs—and the changes in CO2 
emissions over time. This analysis is 
unique compared to the other sectoral 
analyses of this report in that the costs 
of GHG mitigation in the electric 
power sector are estimated alongside 
the benefits. The three electric power 
sector models simulate these costs 
over time, and the rationale for 
presenting them here is to provide a 
comparison between the increase in 
power system costs due to mean 
temperature increases under the two 
scenarios and the costs associated 
with reducing GHG emissions from 
electric power generation. It is import-
ant to note that the effect of tempera-
ture change on generation accounts 
for only a small portion of the total 
effects of climate change on electricity 
supply. Other important effects, such 
as changes in hydropower generation 
or the availability of cooling water for 
thermoelectric combustion, are not 
included. Inclusion of these impacts on 
the electricity supply system would 
likely increase the benefits of mitiga-
tion to this sector. 

For more information on the CIRA 
approach and results for the 
electricity supply sector, please 
refer to McFarland et al. (2015).19

Figure 2. Percent Change in Cumulative System Costs (2015-2050) in the  
Reference and Mitigation Scenarios Compared to the Control 

Grey bars represent the difference between the Reference and Mitigation scenarios.
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Change in System Costs
Rising temperatures under both scenarios, 
especially under the Reference, result in 
higher demands for electricity and increased 
power system costs to expand capacity. At 
the same time, altering the generation mix to 
reduce GHG emissions imposes costs on the 
power system. Figure 2 presents the percent 
change in cumulative system costs under the 
Reference and Mitigation scenarios compared 
to a Control with no temperature change 
(2015-2050, discounted at 3%). The costs 
increase by 1.7%-8.3% under the Reference 
and by 2.3%-10% under the Mitigation 

scenario. The incremental system costs of the 
Mitigation scenario above the Reference are 
0.6%-5.5%, highlighting that the costs to the 
electric power sector associated with rising 
temperatures in the Reference are compara-
ble to the costs associated with reducing GHG 
emissions in the Mitigation scenario. It is 
important to note, however, that this does 
not account for benefits of GHG mitigation 
outside of the electricity sector, nor does it 
examine other effects of climate change on 
electricity supply, such as changes in cooling 
water availability or extreme weather events. 
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Water Resources
ater, a resource that sustains life 
across the globe, is a vital compo-
nent of a productive economy, 

providing a critical input to production in a 
number of key economic sectors.1 In the U.S., 
water is used in many ways, including for 
human consumption, agricultural irrigation, 
power plant cooling, and hydropower genera-
tion. In addition, rivers, lakes, and oceans 
allow for navigation, fishing, and recreation 
activities. Water also plays an array of vital 
roles in ecosystems, which in turn provide 
crucial services that support human life. 
Analyzing the effects of climate change on 
water resources can be particularly challeng-
ing as climate variables affect both the supply 
and demand of water in different ways, and 
the impacts vary over space and time. 

HOW IS WATER VULNERABLE TO  
CLIMATE CHANGE? 
The water cycle is inextricably linked to 
climate, and climate change has a profound 
impact on water availability at global,  
regional, and local levels. As temperatures 
rise, the rate of evaporation increases, which 
makes more water available in the air for 
precipitation but also contributes to drying 
over some areas.2 Further, climate change 
will result in increased intensity of precipita-
tion events, leading to heavier downpours. 
Therefore, as climate change progresses, 

many areas are likely to see increased  
precipitation and flooding, while others will 
experience less precipitation and increased 
risk of drought. Some areas may experience 
both increased flooding and drought. Many  
of these meteorological changes, along with 
their associated impacts, are already being 
observed across the U.S. These changes, 
combined with demographic, socioeconomic, 
land use, and other changes, affect the avail-
ability, quality, and management of water 
resources in the U.S.3 

WHAT DOES CIRA COVER? 
The CIRA analyses estimate impacts and 
damages from three water resource-related 
models addressing flooding, drought, and 
water supply and demand (see the Health 
section of this report for water quality  
impacts). The models differ in the component 
of the water sector assessed and geographic 
scale, but together provide a quantitative 
characterization of water sector effects that 
no single model can capture. As the water 
cycle is sensitive to changes in precipitation, 
the analyses use a range of projections for 
future precipitation (see the CIRA Framework 
section for more information). Finally, future 
work to improve connectivity between the 
CIRA electricity, water, and agriculture analy-
ses will aid in better understanding potential 
impacts to these sectors. 

W
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Inland Flooding
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Warmer temperatures 
under climate change are 
projected to increase 
precipitation intensity in 
some regions of the contig-
uous U.S., raising the risk of 
damaging floods. 

The effect of global GHG 
mitigation on flooding 
damages is sensitive to 
projected changes in 
precipitation. The flooding 
analysis using the  
IGSM-CAM climate model, 
which projects relatively 
wet conditions for most of 
the U.S., estimates that 
mitigation will result in a 
reduction in flood damages 
of approximately $2.9 
billion in 2100 compared 
to the Reference. Using  
the drier MIROC model,  
the analysis projects that 
mitigation will result in 
disbenefits of approximately 
$38 million in 2100. 

Extreme precipitation events have intensified 
in recent decades across most of the U.S., 
and this trend is projected to continue.4 
Heavier downpours can result in more 
extreme flooding and increase the risk of 
costly damages.5 Flooding affects human 
safety and health, property, infrastructure, 
and natural resources.6 In the U.S., non-coastal 
floods caused over 4,500 deaths from 1959 to 
2005 and flood-related property and crop 
damages averaged nearly $8 billion per year7 
from 1981 to 2011.8 The potential for 
increased damages is large, given that climate 
change is projected to continue to increase 
the frequency of extreme precipitation events and amplify risks from non-climate factors such 
as expanded development in floodplains, urbanization, and land-use changes.9 

Risks of Inaction
Without GHG mitigation, climate change under the IGSM-CAM projections is estimated to 
increase monetary damages associated with inland flooding across most of the contiguous U.S. 
Figure 1 presents the projected flood damages in 2050 and 2100 under the Reference scenario. 
As shown, substantial damages are projected to occur in more regions over time. By 2100, dam-
ages are projected to be significantly different from the historic period (at a 90% confidence 
interval) in 11 of the 18 large watersheds (2-digit hydrologic unit codes). The greatest damages 
are projected to occur in the eastern U.S. and Texas, with damages in these regions ranging 
from $1.0-$3.7 billion in 2100.10 Projections of increased flood damages across most of the U.S. 
are consistent with the findings of the assessment literature.11 

Figure 1. Estimated Flood Damages Due to Unmitigated Climate Change
Estimated flood damages under the Reference scenario in 2050 and 2100 for the IGSM-CAM climate model 

(millions 2014$). Results are presented for the 18 2-digit hydrologic unit codes (HUCs) of the contiguous U.S. 
Stippled areas indicate regions where the projected damages are significantly different from  

the historic period (at a 90% confidence interval). 
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APPROACHReducing Impacts through 
GHG Mitigation
Under the relatively 
wetter IGSM-CAM 
climate projections, 
global GHG mitigation is 
projected to result in 
increased flooding 
damages compared to 
today, but decreased 
damages compared to 
the Reference scenario 
in most regions of the 
contiguous U.S. As 
shown in Figure 2, 
damages are reduced in 
10 out of 18 regions in 
2050 and in 14 out of 18 
regions in 2100, with 
particularly pronounced differences between 
the scenarios in 2100. In 2100, the modeled 
reduction in damages is approximately $2.9 
billion. By the end of the century, substantial 
benefits are projected over much of the Great 
Plains and Midwest regions, where damages 
are estimated to be reduced between 30% 
and 40% in many states. The four regions not 

showing benefits of GHG 
mitigation under the 
IGSM-CAM projections 
are located in the western 
part of the U.S., which 
also faces the highest risk 
of drought, as described 
in the Drought section of 
this report.

Figure 2 also presents 
results using the MIROC 
climate model, which 
projects a drier future 
compared to the 
IGSM-CAM model. Under 
the MIROC projections, 
flooding damages are 

generally reduced under both the Reference 
and Mitigation scenarios and, as a result, 
there are modest disbenefits of mitigation 
across most of the contiguous U.S. in 2050 
and 2100. In 2100, damages are projected  
to increase nationally by $38 million under 
the Mitigation scenario compared to the 
Reference.

Figure 2. Change in Flooding Damages Due to Global GHG Mitigation
Percent change in flooding damages for the Mitigation scenario compared to the Reference.  

Results are presented for the 18 2-digit HUCs of the contiguous U.S. Negative values, shown in green,  
reflect reductions in flooding damages from global GHG mitigation. 

The CIRA analysis quantifies how 
climate change could affect inland 
flooding damages in the contiguous 
U.S. Given the complexities inherent 
in projecting national flood damages, 
including the need for small water-
shed-scale hydrologic modeling, the 
results presented in this section should 
be considered first-order estimates. 
The analysis estimates changes in 
inland (non-coastal) flood damages 
following the approach described in 
Wobus et al. (2013).12 Specifically, the 
analysis applies statistical relation-
ships between historical precipitation 
and observed flood damages in each 
region of the U.S. to estimate the 
probability of damaging events 
occurring in a given year for the 
baseline period (1983-2008). Flood 
probabilities are then updated based 
on precipitation projections for specific 
events (i.e., 1-, 3-, 5-, and 7-day precipi-
tation totals) under the Reference and 
Mitigation scenarios to estimate future 
flood damages. The analysis relies 
upon climate projections from two 
climate models: IGSM-CAM, which 
projects a relatively wetter future for 
most of the U.S., and the drier MIROC 
model. Damages are aggregated to the 
18 U.S. Geological Survey National 
Water Resource Regions (WRRs) for two 
future periods (2050 and 2100), and are 
then statistically compared to modeled 
damages for the historic period. 
Importantly, the estimated damages 
do not include impacts on human 
health or economic disruption. The 
approach assumes that the distribution 
of monetary damages from flooding, 
including the effects of non-climate 
risk factors, will not change in the 
future.13 Finally, the value of damages 
occurring in the future is scaled to 
account for changes in wealth using 
projected increases in per capita 
income in the two CIRA scenarios. 

For more information on the CIRA 
approach and results for flooding 
damages, please refer to Strzepek et 
al. (2014)14 and Wobus et al. (2013).15



Climate change-related impacts on temperature and 
precipitation are expected to alter the location, frequency, 
and intensity of droughts in the U.S., with potentially devastat-
ing socioeconomic and ecological consequences.16 Already, 
many U.S. regions face increasing water management 
challenges associated with drought, such as disruptions in 
navigation and water shortages for irrigation. In recent 
decades, recurring droughts across the West and Southeast 
have had significant socioeconomic and ecological impacts.17
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Drought
KEY FINDINGS Climate Change  

and Drought Risk1

2

3

In the absence of global 
GHG mitigation, climate 
change is projected to 
result in a pronounced 
increase in the number  
of droughts in the south-
western U.S. 

Global GHG mitigation 
leads to a substantial 
reduction in the number  
of drought months in the 
southwestern U.S. in both 
climate models analyzed. 
The effect of GHG mitiga-
tion in other regions is 
highly sensitive to  
projected changes in 
precipitation. 

The reduction in drought 
associated with GHG  
mitigation provides  
economic benefits to  
the crop-based agriculture 
sector ranging from  
$9.3-$34 billion through 
2100 (discounted at 3%). 

Risks of Inaction
Without global GHG mitigation, climate change threatens to increase the number of droughts in 
certain regions of the U.S. The CIRA analysis uses multiple climate projections, each with unique 
patterns of regional change, to estimate the change in the number of SPI and PDSI droughts 
(see Approach for descriptions).18 As discussed in the CIRA Framework section of this report, the 
IGSM-CAM projects a relatively wetter future for most of the contiguous U.S., while the MIROC 
model projects a drier future. Figure 1 shows that, although the climate models estimate different 
outcomes with respect to drought risk for the central and eastern U.S., they both project that the 
Southwest will experience pronounced increases in both SPI and PDSI drought months. Some 
areas of the country that are projected to experience increases in drought by 2100 are also 
projected to experience higher flooding damages (see the Inland Flooding section). This finding 
should not be interpreted as a conflicting result, and is consistent with the conclusions of the 
assessment literature,19 which describe the drivers of these changes as more intense yet less 
frequent precipitation, and increases in evaporation due to higher temperatures.20 

Figure 1. Effects of Unmitigated Climate Change on Drought Risk by 2100
Projected change in number of SPI and PSDI drought months under the Reference scenario over a  

30-year period centered on 2100. Results are presented for the 18 2-digit hydrologic unit codes (HUCs)  
of the contiguous U.S. Changes occurring in the grey-shaded areas should be interpreted as  

having no substantial change between the historic and future periods.
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APPROACHReducing Impacts through 
GHG Mitigation
Global GHG mitigation leads to a substantial reduction in drought risk for many parts of the 
country (Figures 2 and 3). Under the IGSM-CAM climate projections, GHG mitigation substantial-
ly reduces drought occurrence across the western U.S., while under the MIROC model, drought is 
reduced over a majority of the country. Both climate models project reductions in drought in the 
Southwest, where the risks of increased droughts were highest under the Reference. 

The overall decrease in the number of droughts under the Mitigation scenario, particularly in 
the West, results in substantial benefits to the crop-based agriculture sector. Through 2100, the 

Figure 3. Effect of Global GHG Mitigation on Drought Risk by 2100 
Estimated change in number of SPI and PDSI drought months under the Mitigation scenario compared to  
the Reference over a 30-year period centered on 2100. Results are presented for the 18 2-digit HUCs of the  

contiguous U.S. Shades of green represent reductions in the number of drought months due to  
GHG mitigation. Changes occurring in the grey-shaded areas should be interpreted as having  

no substantial change between the historic and future periods.

The CIRA analysis estimates the effect 
of climate change on the frequency 
and intensity of droughts across the 
contiguous U.S. The approach is based 
on the methodology from Strzepek et 
al. (2010).21 It relies on two drought 
indices for both the historical and two 
21st century time periods. The drought 
indices account for changes in key 
climate variables: the Standardized 
Precipitation Indices (SPI-5 and SPI-12) 
measure meteorological drought 
based on change in precipitation from 
the historical median, and the Palmer 
Drought Severity Index (PDSI) uses 
precipitation and temperature data  
to estimate the relative changes in  
a particular region’s soil moisture. 
Drought risk is calculated for 99 
sub-basins or watersheds in the 
contiguous U.S. and aggregated to  
18 2-digit HUC regions. 

The analysis then estimates the 
effect on crop-based agriculture of the 
change in frequency and intensity of 
droughts under the CIRA climate 
projections. This approach projects 
impacts using a sectoral model that 
relates historical drought occurrence 
with impacts on crop outputs.22 The 
resulting relationships are then 
applied to climate projections under 
the CIRA Reference and Mitigation 
scenarios using the IGSM-CAM and 
MIROC climate models to estimate the 
economic impacts of climate change 
and effects of GHG mitigation.23 This 
analysis only monetizes the impacts of 
drought on crop-based agriculture, 
and does not include other damages 
(e.g., decreased water availability, 
ecosystem disruption). Therefore the 
results estimated here likely underesti-
mate the benefits of GHG mitigation 
for this sector.

For more information on the  
CIRA approach and results for  
the drought sector, please refer  
to Strzepek et al. (2014)24 and  
Boehlert et al. (2015).25
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Figure 2. Percentage Change in Number of  
Severe and Extreme Drought Months with and 

without GHG Mitigation 
Change in number of PDSI drought months under the Reference and 

Mitigation scenarios over a 30-year period centered on 2100 in the 
contiguous U.S. Under both climate models, GHG mitigation  
results in fewer drought months compared to the Reference. 

present value benefits of GHG 
mitigation in the agricultural 
sector reach $9.3 billion (discount-
ed at 3%) using the IGSM-CAM 
climate projections, compared to 
the Reference. Using the drier 
MIROC climate model, the 
Mitigation scenario provides 
benefits to the agriculture sector 
of approximately $34 billion 
(discounted at 3%). Projections 
from both climate models 
estimate higher economic 
benefits of GHG mitigation in the 
southwestern U.S., where drought 
frequency is projected to increase 
most dramatically in the absence 
of GHG mitigation. 
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Water Supply & Demand
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Unmitigated climate 
change is projected to  
have profound impacts  
on both water availability 
and demand in the U.S., 
compounding challenges 
from changes in demo-
graphics, land use, energy 
generation, and socioeco-
nomic factors. 

Without global GHG  
mitigation, damages  
associated with the supply 
and demand of water 
across the U.S. are estimat-
ed to range from approxi-
mately $7.7-$190 billion in 
2100. The spread of this 
range indicates that the 
effect of climate change on 
water supply and demand 
is highly sensitive to pro-
jected changes in runoff 
and evaporation, both of 
which vary greatly across 
future climate projections 
and by U.S. region.

Global GHG mitigation is 
estimated to substantially 
decrease damages com-
pared to the Reference. 
Projected benefits under 
the Mitigation scenario 
range from $11-$180 billion 
in 2100, depending on 
projected future climate. 
Importantly, global GHG 
mitigation is projected to 
preserve water supply and 
demand conditions more 
similar to those experi-
enced today.

Climate Change and Water 
Supply and Demand 

Risks of Inaction

Water management in the U.S. is characterized 
by the struggle to balance growing demand 
from multiple sectors of the economy with 
increasingly limited supplies in many areas. 
Unmitigated climate change is projected to 
have profound impacts on both water availabili-
ty and demand in the U.S., compounding 
challenges from changes in demographics, land 
use, energy generation, and socioeconomic 
factors. As temperatures rise and precipitation 
patterns become more variable, changes in regional water demand and surface and groundwater 
supplies are expected to increase the likelihood of water shortage for many areas and uses.26 

The effect of climate change on water supply and demand is highly sensitive to projected 
changes in runoff and evaporation, both of which vary across future climate projections and 
by U.S. region (Figure 1). Despite these variations, increased damages of unmitigated climate 
change are projected in the Southwest and Southeast regions under both climate models, and 
these damages increase over time. These projections are consistent with the findings of the 
assessment literature.27 Using climate projections from the IGSM-CAM model, the analysis 
estimates damages at $7.7 billion in 2100. Despite the majority of U.S. regions showing modest 
increases in welfare (economic well-being) in 2100, the damages in the Southwest and 
Southeast are much larger in magnitude, and therefore drive the national total. Highlighting 
the sensitivity of this sector to the climate model used, the drier MIROC model estimates that 
net damages could be substantially larger, at approximately $190 billion in 2100.

Figure 1. Projected Impacts of Unmitigated Climate Change on  
Water Supply and Demand

Estimated change in economic damages under the Reference scenario in 2050 and 2100 compared to the 
historic baseline for the IGSM-CAM and MIROC climate models (millions 2014$). Results are presented for the 
18 2-digit hydrologic unit codes (HUCs) of the contiguous U.S. Yellow, orange, and red areas indicate increased 

damages, while blue areas indicate decreased damages.
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Water Supply & Demand
APPROACHReducing Impacts through 

GHG Mitigation
Global GHG mitigation is projected to substantially reduce damages compared to the Reference 
(Figures 2 and 3), and importantly, preserve water supply and demand conditions more similar 
to those experienced today. The IGSM-CAM model estimates that damages are $7.7 billion 
under the Reference scenario in 2100, while the Mitigation scenario results in an increase in 
welfare (collective economic well-being of the population) of $3.4 billion. Therefore, mitigation 
is estimated to result in a total increase in welfare of $11 billion in 2100 compared to the 
Reference. Using the drier MIROC model, the Mitigation scenario yields damages of approxi-
mately $19 billion in 2100; however, this represents avoided damages of approximately $180 
billion compared to the Reference scenario (numbers do not sum due to rounding). 

Figure 2. Economic Damages Associated with Impacts on Water Supply and 
Demand with and without Global GHG Mitigation 

The CIRA analysis estimates the 
economic impacts associated with 
changes in the supply and demand  
of water, based on a national-scale 
optimization model developed by 
Henderson et al. (2013).28 The model 
simulates changes in supply and 
demand in 99 sub-regions or water-
sheds of the contiguous U.S. based on 
changes in runoff and evaporation, 
population, irrigation demand, and 
other inputs that vary over time. 
Economic impact functions are applied 
for a range of water uses including 
irrigated agriculture, municipal and 
domestic water use, commercial and 
industrial water use, hydroelectric 
power generation, and in-stream 
flows.29 The benefits from water use 
are maximized according to a wide 
range of constraints, such as storage 
and conveyance capacities, historic 
irrigated acreage, and renewable 
recharge capacity for groundwater. 
Economic damages are incurred in the 
model when any one of the water 
uses specified above does not receive 
sufficient volume to sustain the 
baseline activity level. Impacts are 
summed across all uses in each 
sub-region and reported as changes in 
economic welfare. Finally, the optimi-
zation model is driven by climate 
projections from the IGSM-CAM, as 
well as the MIROC climate model, 
which projects a relatively drier future 
for the contiguous U.S. compared to 
other climate models.30

For more information on the CIRA 
approach and results for the water 
supply and demand analysis, please 
refer to Strzepek et al. (2014)31 and 
Henderson et al. (2013).32

Figure 3. Projected Impacts of GHG Mitigation on Water Supply and Demand 
Estimated percent change in economic damages under the Mitigation scenario in 2050 and 2100 relative to the 
Reference. Results are presented for the 18 2-digit HUCs of the contiguous U.S. Negative values (shown in green) 

indicate decreases in damages, or positive economic benefits, due to global GHG mitigation. 

-10

40

90

140

190

240

IGSM-CAM MIROC IGSM-CAM MIROC

2050 2100

Bi
lli

on
s 

20
14

$ 
(u

nd
is

co
un

te
d)

 

Reference Mitigation



Crop and  
Forest Yields

SUBSECTORS   

LENA -- FIX DESCENDERS

Agriculture and  Forestryg y



Market Impacts

he U.S. has a robust agriculture sector 
that produces nearly $330 billion per 
year in agricultural commodities.1 The 

sector ensures a reliable food supply and 
supports job growth and economic develop-
ment.2 In addition, as the U.S. is currently the 
world’s leading exporter of agricultural prod-
ucts, the sector plays a critical role in the 
global economy.3

U.S. forests provide a number of important 
goods and services, including timber and other 
forest products, recreational opportunities, 
cultural resources, and habitat for wildlife. 
Forests also provide opportunities to reduce 
future climate change by capturing and storing 
carbon, and by providing resources for bio- 
energy production.4

HOW ARE AGRICULTURE AND FORESTRY 
VULNERABLE TO CLIMATE CHANGE? 
U.S. agricultural and forest production are 
sensitive to changes in climate, including 
changes in temperature and precipitation, 
more frequent and severe extreme weather 
events, and increased stress from pests and 
diseases.5 At the same time, climate change 
poses an added risk to many forests due to 
ecosystem disturbance and tree mortality 
through wildfire, insect infestations, drought, 
and disease outbreaks.6 Climate change has the 
potential to both positively and negatively 

affect the location, timing, and productivity of 
agricultural and forest systems, with economic 
consequences for and effects on food security 
and timber production both in the U.S. and 
globally.7,8 Adaptation measures, such as 
changes in crop selection, field and forest 
management operations, and use of technolog-
ical innovations, have the potential to delay 
and reduce some of the negative impacts of 
climate change, and could create new opportu-
nities that benefit the sector. 

WHAT DOES CIRA COVER?
The CIRA analysis estimates climate change 
impacts on the agriculture and forestry sectors 
using both biophysical and economic models. 
The agriculture analyses demonstrate effects 
on the yield and productivity of major crops, 
such as corn, soybean, and wheat, but do not 
include specialty crops, such as tree fruits, or 
livestock. Further, the analysis does not explic-
itly model impacts on biofuel production or 
include technological advances in agricultural 
management practices. The analyses include 
yield and productivity impacts, but do not 
simulate the effects of changes in wildfire, 
pests, disease, and ozone. Future work to 
improve the multiple interactions among the 
CIRA energy, water, and agriculture analyses 
will aid in better understanding potential 
impacts to these sectors. 

T
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Crop & Forest Yields
KEY FINDINGS
1

2

Table 1. Projected Percent Change in U.S. Crop Yields in 2100  
without Global GHG Mitigation

Estimates in this table assume no technological improvements in yields over time such that crop productivity  
in future periods relative to a scenario with no climate change is based purely on differences in climatic  

conditions. This assumption allows the analysis to isolate and evaluate climate change impacts on crops 
without confluence with other factors. Results do not include effects from changes in ozone, pests, and disease. 

Rice and potatoes are simulated under irrigated management only.11 

Unmitigated climate 
change is projected to 
result in substantial de-
creases in yields for most 
major agricultural crops. 

Global GHG mitigation is 
projected to substantially 
benefit U.S. crop yields 
compared to the Reference 
scenario. 

Without considering the 
influence of wildfires, the 
effect of GHG mitigation on 
forest productivity is less 
substantial compared to 
the response for crops. The 
direction of the effect de-
pends strongly upon climate 
model and forest type 
(hardwood vs. softwood).

Risks of Inaction
Without significant global GHG mitigation, climate change is projected to have a large negative 
impact on the U.S. agriculture sector. Table 1 presents the projected percent change in national 
crop yields in 2100 due to unmitigated climate change under the Reference scenario. For all 
major irrigated crops, with the exception of hay, climate projections from both the IGSM-CAM 
and MIROC models result in decreased yields, with very substantial declines projected for 
soybeans, sorghum, and potatoes. For rainfed crops, climate projections using the drier MIROC 
climate model result in substantial declines for all crops, particularly cotton, sorghum, hay, 
wheat, and barley. Rainfed yields using the wetter IGSM-CAM climate model are more varied, 
ranging from a substantial decrease in hay yields to moderate gains in cotton, sorghum, and 
wheat yields.9 Projected declines in crop productivity resulting from unmitigated climate change 
over the longer term are consistent with the findings of the assessment literature.10

As shown in Figure 1, the effect of unmitigated climate change on forest productivity in the 
U.S. varies over time and depends on the climate model used. Using the IGSM-CAM projections, 
hardwood yields increase by 2100, while the change in softwood yields is very small. Projec-
tions using the drier MIROC climate model result in increased hardwood and softwood yields 
by the end of the century, though the gains are smaller than those projected under the 
Mitigation scenario. 
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Figure 1. Projected Change in Potential Forestry Yields with and without  
Global GHG Mitigation

Percent change in potential hardwood and softwood yields across the U.S. relative to the base period  
(1980-2009) under the Reference and Mitigation scenarios for the IGSM-CAM and MIROC climate models.  

Effects of wildfire, pest, and disease on yields are not included. 
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Figure 2. Projected Impacts of Global GHG Mitigation on Crop Yields
Percent change in crop yields from the EPIC model in the contiguous U.S. under the Mitigation  

scenario compared to the Reference for the IGSM-CAM and MIROC climate models.14 Rice and potatoes  
are simulated under irrigated management only. 
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Crop & Forest Yields
APPROACH
The analysis uses the Environmental Policy 
Integrated Climate (EPIC) model15,16 to 
simulate the effects of climate change on 
crop yields in the contiguous U.S. The 
analysis examines agricultural crop 
productivity for multiple crops, including 
corn, soybean, wheat, alfalfa hay, sor-
ghum, cotton, rice, barley, and potatoes. 
Yield potential is simulated for each crop 
for both rainfed and irrigated production 
with the exception of rice and potatoes, 
which are assumed to be irrigated.17 
Because production regions may change 
over time in response to climate change, 
EPIC simulates potential cultivation and 
production in areas within 100 km (62 
miles) of historical production regions.

EPIC is driven by changes in future 
climate from both the IGSM-CAM18 and 
MIROC climate models under the Reference 
and Mitigation scenarios. The results 
presented in this section include the effect 
of CO2 fertilization on crop yields; Beach et 
al. provide a sensitivity analysis of the effect 
of CO2 fertilization on the crop yield results 
from EPIC. 

Changes in forest growth rates are 
simulated using the MC1 dynamic 
vegetation model, consistent with the 
approach described in Mills et al. (2014)19 

and the Wildfire and Carbon Storage 
sections of this report.20 MC1 is also driven 
by the IGSM-CAM and MIROC models, and 
assumes full CO2 fertilization effects. 

The effects of changes in wildfires, 
pests, disease, and ozone are not captured 
in this analysis.21 Inclusion of these effects 
on crop and forest yields would likely 
result in increased benefits of GHG 
mitigation compared to those presented 
in this section.

For more information on the CIRA 
approach and results for agriculture 
and forestry crop yields analysis,  
please refer to Beach et al.22

Reducing Impacts through 
GHG Mitigation
Global GHG mitigation is estimated to 
substantially benefit U.S. crop yields. Figure 2 
presents the projected change in national 
crop yields for key crops under the Mitigation 
scenario compared to the Reference. The 
figure shows changes in rainfed and irrigated 
yields using projections from the IGSM-CAM 
climate model and the relatively drier MIROC 
model. In general, the benefits to crop yields 
of global GHG mitigation increase over the 
course of the century, with the exception of 
rainfed hay (for both climate models) and 
rainfed sorghum (for IGSM-CAM). Global GHG 
mitigation is projected to have a particularly 
positive effect on the future yields of irrigated 
soybeans, irrigated potatoes, and irrigated 
and rainfed barley.

The projected effect of GHG mitigation on 
forest productivity is less substantial compared 
to the response for crops. Figure 1 shows the 
estimated percent change in average national 
forest productivity (contiguous U.S.) under 
the Reference and Mitigation scenarios 

relative to the base period. Although forest 
productivity generally increases with climate 
change under both scenarios, projections 
using the relatively wetter IGSM-CAM climate 
model result in larger gains under the 
Reference scenario, particularly for hard-
woods. Higher forest productivity under the 
IGSM-CAM Reference in the future is likely 
driven by the enhanced positive effects of 
CO2 fertilization under the high-emission 
Reference, along with the response to increas-
es in precipitation in many areas of the 
contiguous U.S. that are forested. The MIROC 
climate projections, on the other hand, result 
in slightly rising yields of both hardwoods 
and softwoods through 2100 under the 
Mitigation case. It is important to note that 
these yield estimates do not include the 
effects of wildfire, pests, or disease, which 
would likely decrease simulated productivity 
based on the findings of the assessment 
literature,12 especially under the Reference 
scenario (See Wildfire section of this report).13
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Market Impacts
KEY FINDINGS
1

2

3

Based on the projected 
changes in yields, global 
GHG mitigation is estimat-
ed to result in lower crop 
prices over the course of 
the 21st century compared 
to the Reference. 

Changes in crop and forest 
productivity alter related 
market dynamics, land  
allocation, crop mix, and 
production practices, 
which in turn affect GHG 
emissions and carbon 
sequestration from the 
agriculture and forestry 
sectors. Global GHG mitiga-
tion has a large effect on 
emissions fluxes in man-
aged forests: however, the 
magnitude and direction of 
the effect are sensitive to 
climate model projection.

Under both climate model 
projections, global GHG 
mitigation increases total 
economic welfare in the 
agriculture and forestry 
sectors by $43-$59 billion 
(discounted at 3%) through 
2100 compared to the 
Reference. The magnitude 
of estimated economic 
welfare impacts in the 
agricultural sector is much 
larger than in the forestry 
sector.

Changes in Crop Price 

Changes in Emissions

As described in the Crop and Forest Yields 
section of this report, global GHG mitigation 
is projected to result in generally higher crop 
yields in the U.S. relative to the Reference. As 
a result, mitigation is projected to result in 
less pressure on land resources and declining 
commodity prices. As shown in Figure 1, 
climate projections from both the IGSM-CAM 
and MIROC climate models show steep 
declines in a broad index of crop prices starting 
around 2040. Projections using the drier 
MIROC climate model result in greater declines 
in crop prices by the end of the century than 
those using the wetter IGSM-CAM model. 
Adverse effects of climate change on crop and 
food prices, which are largely avoided in the 
Mitigation scenario, are consistent with the 
findings of the assessment literature.23

Figure 1. Projected Change in  
National Crop Price Index Due to 

Global GHG Mitigation 
Percent change in crop price index under the 

Mitigation scenario relative to the Reference for  
the IGSM-CAM and MIROC climate models.

Changes in land allocation, crop mix, and production practices in turn affect GHG emissions from 
agriculture and forestry practices. Figure 2 shows the estimated changes in cumulative GHG 
emissions under the Mitigation scenario compared to the Reference using projections from the 
IGSM-CAM and MIROC climate models. Under the IGSM-CAM projections, GHG mitigation is 
estimated to increase net GHG emissions from these sectors in the second half of the century. 
The increase is due in large part to the generally lower forest productivity that is projected to 
occur under the Mitigation scenario compared to the Reference, as the latter has higher 
productivity driven by the generally warmer and wetter future climate, as well as the enhanced 
positive effects of CO2 fertilization (see the Crop and Forest Yields section). Thus, global GHG 
mitigation results in less forest carbon sequestration over time. Higher levels of carbon storage 
in forests under the generally warmer and wetter future of the IGSM-CAM Reference scenario 
are consistent with the findings presented in the Carbon Storage section of this report.

Under the MIROC climate projections, on the other hand, forest productivity is enhanced 
under the Mitigation scenario relative to the Reference, and forests take up and store more 
carbon. In addition, although emissions from livestock agriculture rise, GHG emissions related 
to crop production generally decline as less area is devoted to crops due to higher yields. 

Figure 2. Projected Changes in Accumulated GHG Emissions in the Agriculture 
and Forestry Sectors Due to Global GHG Mitigation

Projected change in cumulative GHG emissions by type under the Mitigation scenario relative to the Reference 
for the IGSM-CAM and MIROC climate models (billion metric tons of CO2 equivalent).
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Market Impacts
APPROACHChanges in Consumer and 

Producer Surplus

The changes in crop prices and the level of 
production and consumption of agriculture 
and forestry products have important 
implications for the economic welfare of 
consumers and commodity producers. The 
analysis measures these effects through 
changes in consumer and producer surplus,24 
as summarized in Table 1. Using both climate 
model projections, global GHG mitigation 
increases total economic welfare (well-be-
ing) in the agriculture and forestry sectors by 
$43 to $59 billion (discounted at 3%) through 
2100 compared to the Reference. Estimated 
consumer surplus is higher under the drier 
MIROC conditions than it is under the 

IGSM-CAM, primarily due to the larger crop 
yields under the Mitigation scenario 
compared to the Reference (see the Crop 
and Forest Yields section). 

The effect of global GHG mitigation on 
producer surplus varies depending on the 
climate model used. The IGSM-CAM climate 
projections result in an increase in producer 
surplus, though not as substantial as the 
projected increase in consumer surplus. The 
drier MIROC projections result in a slight 
decrease in producer surplus due to the 
substantial increase in crop yields and 
resulting decrease in prices. 

Table 1. Projected Effect of Global GHG Mitigation on Consumer and  
Producer Surplus in the Agriculture and Forestry Sectors

Change in cumulative consumer and producer surplus from 2015-2100 under the Mitigation scenario  
compared to the Reference (million 2014$, discounted at 3%). Results are rounded to two significant digits  

and therefore may not sum. In addition, the agriculture and forestry results do not sum to totals  
due to rounding, and because the table reflects independently calculated average  

values for agriculture, forestry, and combined totals.

The CIRA analysis uses the Forest and 
Agricultural Sector Optimization Model 
with Greenhouse Gases (FASOM-GHG)25,26 
to estimate changes in market outcomes 
associated with projected impacts of 
climate change on U.S. crop and forest 
yields. As described in the previous section, 
projected yields across regions and crop/
forest types are generated by the EPIC and 
MC1 models. FASOM-GHG is driven by 
changes in potential yield from EPIC and 
MC1 for each of the five initializations of 
the IGSM-CAM climate model for both the 
Reference and Mitigation scenarios,27 as 
well as the drier MIROC climate model. 

FASOM-GHG simulates landowner 
decisions regarding crop mix and produc-
tion practices, and projects the allocation 
of land over time to competing activities in 
both the forest and agricultural sectors and 
the associated impacts on commodity 
markets.28 Given the changes in potential 
yields projected by EPIC and MC1, 
FASOM-GHG uses an optimization 
approach to maximize consumer and 
producer surplus over time.29, 30 The model 
is constrained such that total production is 
equal to total consumption, total U.S. land 
use remains constant (with the potential 
movement of land from forest to agricul-
ture and vice versa), and non-climate 
drivers in the agriculture and forestry 
sectors are consistent between the 
scenarios to isolate the effect of climate 
change. In addition, the analysis assumes 
no price incentives for avoiding GHG 
emissions or carbon sequestration in the 
agriculture and forestry sectors (i.e., the 
sectors do not participate in the global 
GHG mitigation policy). Finally, although 
the EPIC simulations assume that crops 
can be irrigated to a level that eliminates 
water stress, the FASOM-GHG simulations 
include shifts in water availability for 
irrigation based on data obtained from 
the water supply/demand framework 
described in the Water Quality section of 
this report.31

For more information on the CIRA 
approach and results for the FASOM-
GHG agriculture and forestry market 
impacts analysis, please refer to Beach 
et al.32
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Ecosystems
n ecosystem is a community of 
organisms interacting with each 
other and their environment.  

People, animals, plants, microbes, water,  
and soil are typical components of ecosystems. 
We constantly interact with the ecosystems 
around us to derive and maintain services 
that sustain us and contribute to our liveli-
hoods. Clean air and water, habitat for 
species, and beautiful places for recreation 
are all examples of these goods and services. 
With the diversity of ecosystem types in the 
U.S. being so great—from the tidal marshes of 
the East Coast to the desert valleys of the 
Southwest to the temperate rainforests of the 
Pacific Northwest—climate change is likely to 
fundamentally alter our nation’s landscape 
and natural resources.1

HOW ARE ECOSYSTEMS VULNERABLE  
TO CLIMATE CHANGE? 
Ecosystems are held together by the interac-
tions and connections among their compo-
nents. Climate is a central connection in all 
ecosystems. Consequently, changes in climate 
will have far-reaching effects throughout 
Earth’s ecosystems. Climate change can affect 
ecosystems and species in a variety of ways; 
for example, it can lead to changes in the 
timing of seasonal life-cycle events, such as 

migrations; habitat shifts; food chain disrup-
tions; increases in pathogens, parasites, and 
diseases; and elevated risk of extinction for 
many species.2 

Climate change directly affects ecosystems 
and species, but it also interacts with other 
human stressors on the environment. Al-
though some stressors cause only modest 
impacts by themselves, the cumulative impact 
of climate and other changes can lead to 
dramatic ecological impacts. For example, 
coastal wetlands already in decline due to 
increasing development will face increased 
pressure from rising sea levels. 

WHAT DOES CIRA COVER?
CIRA analyzes the potential benefits of global 
GHG mitigation on coral reefs and freshwater 
fisheries in the U.S., focusing on changes in 
recreational use of coral reefs and recreational 
fishing. This section also examines the project-
ed impacts of ocean acidification on the U.S. 
shellfish market. Lastly, CIRA quantifies the 
physical and economic impacts of climate 
change on wildfires and terrestrial ecosystem 
carbon storage. Climate change will affect 
many species and ecosystems beyond what is 
explored in this report; consequently, CIRA 
captures only a glimpse of the potential 
benefits of GHG mitigation on this sector.

A
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Coral Reefs
KEY FINDINGS Climate Change and  

Coral Reefs1

2

3

Coral reefs, including those found in Hawaii and the 
Caribbean, are unique ecosystems that are home to 
large numbers of marine plant and animal species. 
They also provide vital fish spawning habitat, protect 
shorelines, and are valuable for recreation and 
tourism. However, shallow-water coral reefs are highly 
vulnerable to climate change.3 High water tempera-
tures can cause coral to expel the symbiotic algae 
that provide nourishment and vibrant color for their 
hosts. This coral bleaching can cause the coral to die. 
In addition, ocean acidification (ocean chemistry 
changes due to elevated atmospheric CO2) can 
reduce the availability of certain minerals in seawater 
that are needed to build and maintain coral skeletons. 

Risks of Inaction

Coral reefs are already 
disappearing due to  
climate change and other 
non-climate stressors. 
Temperature increases and 
ocean acidification are 
projected to further reduce 
coral cover in the future. 

Without global GHG miti-
gation, extensive loss of 
shallow corals is projected 
by 2050 for major U.S. reef 
locations. Global GHG 
mitigation delays Hawaiian 
coral reef loss compared to 
the Reference scenario, but 
provides only minor bene-
fits to coral cover in South 
Florida and Puerto Rico, as 
these reefs are already close 
to critical thresholds of 
ecosystem loss. 

GHG mitigation results in 
approximately $22 billion 
(discounted at 3%) in 
recreational benefits 
through 2100 for all three 
regions, compared to a 
future without emission 
reductions.

Without GHG mitigation, continued warming and ocean acidification will have very significant 
effects on coral reefs. For major U.S. reefs, projections under the Reference show extensive 
bleaching and dramatic loss of shallow coral cover occurring by 2050, and near complete loss by 
2100. In Hawaii, coral cover is projected to decline from 38% (current coral cover) to approximate-
ly 5% by 2050, with further declines thereafter. In Florida and Puerto Rico, where present-day 
temperatures are already close to bleaching thresholds and where these reefs have historically 
been affected by non-climate stressors, coral is projected to disappear even faster.4 This drastic 
decline in coral reef cover, indicating the exceedance of an ecosystem threshold, could have 
significant ecological and economic consequences at regional levels. These projections of shallow 
coral loss for major U.S. reefs are consistent with the findings of the assessment literature.5

Figure 1. Projected Impact of Unmitigated Climate Change on  
Coral Reef Cover in the U.S. 

Approximate reduction in coral cover at each location under the Reference scenario relative to  
the initial percent cover. Coral icons do not represent exact reef locations. Results for 2075  

are omitted as there is very little change projected between 2050 and 2100. 

2010 2025 2050 2100

Percent coral cover 5% Percent coral cover <1%

Percent coral cover 12% Percent coral cover 3% Percent coral cover <1% Percent coral cover <1%

Percent coral cover 25% Percent coral cover 6% Percent coral cover 1% Percent coral cover 1%

Hawaii

South 
Florida

Puerto 
Rico

Percent coral cover 38% Percent coral cover 36%



67

APPROACHReducing Impacts through 
GHG Mitigation
Mitigating global GHG emissions can reduce 
only some of the projected biological and 
economic impacts of climate change on coral 
reefs in the U.S. Figure 2 shows projected coral 
reef cover over time in Hawaii, South Florida, 
and Puerto Rico under the Reference and 
Mitigation scenarios. In Hawaii, the decline in 
reef cover slows under the Mitigation scenario 
compared to the Reference, as some of the 
extensive bleaching episodes and effects of 
ocean acidification are avoided. But even 
under the Mitigation scenario, Hawaii is 
projected to eventually experience substantial 
reductions in coral cover. In South Florida and 
Puerto Rico, the projected GHG emission 
reductions associated with the Mitigation 
scenario are likely insufficient to avoid 
multiple bleaching and mortality events by 
2025, and coral cover declines thereafter 
nearly as fast as in the Reference.

The delay in the projected decline of coral 
results in an estimated $22 billion in economic 
benefits for recreation across the three sites 
through 2100 (discounted at 3%). The majority 
of these recreational benefits are projected for 
Hawaii, with an average value through 2100 of 
approximately $20 billion (95% confidence 
interval of $10-$30 billion). In Florida, where 
coral reefs have already been heavily affected, 
recreational benefits are also positive, but 
notably lower at approximately $1.4 billion (95% confidence interval of $0.74-$2.1 billion). In 
Puerto Rico, benefits are estimated at $0.38 million (95% confidence interval of $0.20-$0.57 
million), but only represent recreational benefits for permanent residents, and therefore are 
not directly comparable to the other locations where visits from nonresident tourists are also 
included. Including the economic value of other services provided by coral reefs, such as 
shoreline protection and fish-rearing habitat, would increase the benefits of mitigation. 

REPRESENTATIVE PHOTOS 
OF CORAL REEF DECLINE

HEALTHY REEF 
40-75% live coral cover

SEVERELY DEGRADED REEF 
10-25% live coral cover

NEARLY DEAD REEF 
<10% live coral cover

CORAL COVERAGE 

The CIRA analysis examines the 
physical and economic impacts of 
climate change and ocean acidifica-
tion on coral reefs in Hawaii, South 
Florida, and Puerto Rico. Using the 
COMBO (Coral Mortality and Bleach-
ing Output) model,6,7 the analysis first 
estimates declines in coral reef cover 
(a measure of coral reef health and 
density) using projections of future 
ocean temperature (from the  
IGSM-CAM) and chemistry under the 
CIRA Reference and Mitigation 
scenarios.8 The effects of future 
bleaching events are also estimated. 

Next, the analysis quantifies the 
economic impacts associated with 
coral reef cover loss based on declines 
in reef-based recreation. The analysis 
estimates these impacts using a 
benefit-transfer approach; that is, it 
draws on reef-related recreation 
benefits measured in previously 
published studies conducted at a 
range of coral reef sites to estimate 
the value of reef-related recreation 
benefits in the areas considered in 
this study.9 Projected impacts to 
recreation at each site are provided 
with confidence intervals based on 
the 95% interval for per-trip recre-
ational values.

For more information on the CIRA 
approach and results for the coral 
reef sector, please refer to Lane et 
al. (2013)10 and Lane et al. (2014).11

Figure 2. Percent Change in Coral Reef 
Cover with and without Global GHG 

Mitigation at Major U.S. Reefs
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The pace of ocean acidification is accelerating. 
Since the Industrial Revolution, the average 
pH of surface ocean waters has fallen by 0.1, 
representing a nearly 30% increase in 
acidity.16 Under the Reference scenario, ocean 
acidification is projected to cause pH to drop 
an additional 0.3, representing a 100% 
increase in acidity from pre-industrial times. 
Continued ocean acidification is estimated to 
reduce the supply of oysters, scallops, and clams in 2100 by 45% (13 million pounds per year), 
48% (21 million pounds), and 32% (31 million pounds), respectively (Figure 2). These decreases 
in supply are projected to result in price increases by 2100 of approximately $2.20 (a 68% 
increase from 2010), $9.10 (140%), and $1.30 (123%) per pound, respectively, and lead to 
consumer losses of roughly $480 million per year by the end of the century. These projections 
are consistent with the findings of the assessment literature, which describe reduced growth 
and survival of U.S. shellfish stocks due to unmitigated ocean acidification.17
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KEY FINDINGS Ocean Acidification  
and Shellfish1

2

3
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Without global GHG  
mitigation, the harvests  
of some shellfish in the U.S. 
are projected to decline by 
32%-48% by the end of  
the century due to ocean 
acidification, though  
estimated impacts vary  
by species.

Demand for shellfish is 
projected to increase 
through the end of the 
century with a growing 
population and rising 
incomes, exacerbating  
the economic impacts in 
this sector. 

Global GHG mitigation is 
projected to avoid $380 
million in consumer losses 
in 2100 compared to the 
Reference scenario by 
preventing most of the 
decreases in the supply of 
select shellfish and the 
resulting price increases.

The ocean absorbs about one quarter of the CO2 released into the atmosphere by human 
activities, primarily from the combustion of fossil fuels. Although the ocean’s ability to absorb 
CO2 prevents atmospheric levels from climbing even higher, measurements made over the last 
few decades have demonstrated that marine CO2 levels have risen, leading to an increase in 
acidity (Figure 1).12 Ocean acidification is projected to adversely affect a number of valuable 
marine ecosystem services by making it more difficult for many organisms to form shells and 
skeletons.13 Some shellfish are highly vulnerable to ocean acidification14 and any impacts to 
these species are expected to negatively affect the economy. Certain species have high 
commercial value; for example, each year in the U.S., oysters, clams, and scallops supply 170 
million pounds of seafood valued at $400 million.15

Figure 1. Ocean Acidification Impact Pathway for Shellfish
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APPROACHReducing Impacts through 
GHG Mitigation
Reducing global GHG emissions can mitigate the ecological and economic impacts of 
ocean acidification. Figure 2 shows how the supplies of oysters, scallops, and clams 
are projected to fall with ocean acidification under the Reference and Mitigation 
scenarios. Although supplies are estimated to decrease under both scenarios relative 
to present-day supplies, the Mitigation scenario avoids a majority of the impacts, 
particularly for clams. In 2100, global GHG mitigation is projected to avoid the loss of 
54 million pounds of oysters, scallops, and clams, or 34% of the present-day U.S. 
oyster supply, 37% of the scallop supply, and 29% of the clam supply. 

Figure 2 also indicates how the increase in demand and the decrease in supply 
are estimated to affect prices by 2100 for these shellfish under the two scenarios. 
Consumers are likely to substitute away from these shellfish as their prices increase, 
but not entirely, and not without some decrease in satisfaction. The Mitigation 
scenario keeps prices much closer to current levels, as indicated in Figure 2, resulting 
in smaller consumer losses in the shellfish market. In 2100, the benefits to shellfish 
consumers from global GHG emissions reductions under the Mitigation scenario are 
estimated at $380 million. The cumulative benefits over the century are estimated at 
$1.9 billion (discounted at 3%). 

Figure 2. Estimated Impacts on the U.S. Shellfish Industry
Projected changes in the supplies and prices of oysters, scallops, and clams through 2100 under the  

Reference and Mitigation scenarios relative to the base period.

The CIRA analysis models the entire 
“impact pathway” shown in Figure 1, 
which can be divided into biophysical 
and economic components. The 
biophysical impacts are estimated 
using the CIRA CO2 and sea surface 
temperature projections from the 
IGSM-CAM in the CO2SYS model18  
to simulate seawater chemistry 
conditions through the 21st century. 
These conditions are then used to 
estimate how the growth rates of 
oysters, scallops, and clams will 
change over time. 

The economic analysis uses the 
projected growth rates of these 
species to estimate changes to the 
U.S. supply of shellfish. A consumer 
demand model of the shellfish market, 
described in Moore (2014),19 projects 
changes in prices and consumer 
behavior under the Reference and 
Mitigation scenarios. This model does 
not estimate producer or supply-side 
welfare effects, which could also show 
benefits of mitigation. Comparing the 
model results under the two scenarios 
provides an estimate of the benefits 
to the shellfish market of avoiding 
significant amounts of CO2 from being 
added to ocean waters. By considering 
impacts to these three species, this 
approach estimates just a fraction of 
the potential economic damages from 
ocean acidification, but, nonetheless, 
provides some insight into the benefits 
of global GHG mitigation. 

In addition, by preventing the loss 
of shellfish populations, global GHG 
mitigation would preserve ecosystem 
services provided by these species 
(e.g., water filtration). Inclusion of 
these effects would likely increase the 
total benefits of GHG mitigation in 
this sector. 

For more information on the  
CIRA approach to estimating  
the economic impacts of ocean 
acidification in the shellfish  
market, see Moore (2015).20

Shellfish
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Freshwater Fish
KEY FINDINGS Climate Change  

and Freshwater Fish1

2

3

Trout Smallmouth Bass Salmon Shad

COLDWATER FISHERY EXAMPLES WARMWATER FISHERY EXAMPLES

Warming waters and 
changes in stream flow due 
to climate change will likely 
alter the distribution of 
freshwater fisheries across 
the country. Without global 
GHG mitigation, coldwater 
species are projected to be 
replaced in many areas by 
less economically valuable 
fisheries over the course of 
the 21st century, especially 
in the Mountain West and 
Appalachia. 

Habitat suitable for  
coldwater fisheries is 
estimated to decline  
nationally by approximately 
62% through 2100 under 
the Reference, but by only 
12% under the Mitigation 
scenario. Global GHG 
mitigation is projected to 
preserve coldwater habitat 
in most of Appalachia and 
the Mountain West.

GHG mitigation avoids  
an estimated $380 million  
to $1.5 billion in total 
recreational fishing  
damages through 2100 
compared to the Reference 
(discounted at 3%).

Freshwater fishing is an important recreational activity that contributes significantly to local 
economies in many parts of the country. Most fish species thrive only in certain ranges of water 
temperature and stream flow conditions. For example, trout and salmon can only tolerate 
coldwater streams, while shad and largemouth bass thrive in warmwater habitats (see below 
infographic). Climate change threatens to disrupt these habitats and affect certain fish 
populations through higher temperatures and changes in river flow.21

Risks of Inaction
Without GHG mitigation, climate change is projected to have a significant impact on freshwater 
fishing in the contiguous U.S. Increasing stream temperatures and changes in stream flow are 
likely to transform many habitats that are currently suitable for coldwater fish into areas that are 
only suitable for warmwater species that are less recreationally valuable. Under the IGSM-CAM 
climate projections, coldwater fisheries are estimated to be limited almost exclusively to the 
mountainous West in 2100, and would almost disappear from Appalachia. In addition, substantial 
portions of Texas, Oklahoma, Kansas, and Florida would shift from warmwater to rough habitat 
(Figure 1). Overall, unmitigated climate change is projected to result in a 62% decline in coldwa-
ter fish habitat by 2100, which includes approximately 440,000 acres of lost stream habitat. 
Meanwhile, warmwater and rough stream habitats are projected to increase by 1.3 million and 
450,000 acres, respectively. The projected loss of coldwater fish habitat and expansion of 
warmwater and rough fisheries are consistent with the findings of the assessment literature.22, 23

Figure 1. Projected Impact of Unmitigated Climate Change  
on Potential Freshwater Fish Habitat in 2100

Change in distribution of areas where stream temperature supports different fisheries under the  
Reference scenario using the IGSM-CAM climate model. Results are presented for the 8-digit hydrologic unit  

codes (HUCs) of the contiguous U.S. 

  

Current Cold, Projected Cold 
Current Cold, Projected Warm
Current Warm, Projected Warm
Current Warm, Projected Rough
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APPROACH

Largemouth Bass Bluegill Carp

WARMWATER FISHERY EXAMPLES ROUGH FISHERY EXAMPLES

Catfish

Global GHG mitigation is projected to prevent much of the loss of 
coldwater fish habitat that occurs in the Reference (Figure 2). 
Although coldwater stream habitat will likely still be reduced 
under the Mitigation scenario (by approximately 85,000 acres by 
2100), mitigation avoids approximately 81% of the losses incurred 
under the Reference, preserving an area equal to approximately 
360,000 acres of suitable stream habitat nationally. This habitat 
supports valuable recreational fishing, especially in Appalachia 
and large areas of the Mountain West. Also, fewer acres are 
converted to less economically valuable warmwater and rough 
fisheries under the Mitigation scenario than under the Reference. 
Specifically, stream habitat suitable for warmwater and rough 
fisheries increase by 450,000 and 13,000 acres, respectively, under 
the Mitigation scenario, which is 36% and 3% of the expansions estimated under the Reference. 

Compared to the Reference, the Mitigation scenario provides economic benefits of approxi-
mately $1.5 billion through 2100 for coldwater fishing only, and $380 million when all three 
freshwater fishery types (cold, warm, and rough) are considered (discounted at 3%). These results 
rely upon climate projections from the IGSM-CAM, which projects a relatively wetter future for 
most of the U.S. compared to the MIROC climate model. The projected benefits of global GHG 
mitigation through 2100 are lower with the drier MIROC model (not shown) for coldwater fishing 
only, at approximately $1.2 billion, but higher when all three fisheries are considered, at approxi-
mately $1.5 billion (discounted at 3%).24

The CIRA analysis assesses the impacts 
of climate change on the distribution 
of habitat suitable for freshwater  
fish across the U.S. and estimates the 
economic implications of these 
changes. Water temperature changes 
are simulated for the CIRA emissions 
scenarios using the IGSM-CAM and 
MIROC climate models to estimate 
changes in suitable habitat (in stream 
acres) for three types of freshwater 
fisheries: cold, warm, and rough 
(species tolerant to warmest stream 
temperatures). Each fishery type 
represents a categorization of individ-
ual species based on their tolerance 
for different river and stream water 
temperatures. This analysis does not 
evaluate impacts to fisheries in lakes 
and reservoirs, which are vulnerable to 
climate change in different ways 
compared to streams and rivers.25 As 
shown at the bottom of this section, 
the coldwater fish guild contains 
species that are the least tolerant to 
increasing stream temperatures, and 
are therefore the most vulnerable to 
climate change. 

Results from habitat modeling 
considering projected changes in both 
water temperature and streamflow 
serve as input to an economic model 
to analyze the impacts of habitat 
change on the value of recreational 
fishing. The model estimates fishing 
behavior as the likelihood that an adult 
in a particular state is an angler and the 
likelihood that an angler fishes for 
species in each fishery type. The fishing 
value for each fishery type is derived by 
multiplying the number of fishing days 
by the value of a fishing trip.26 As 
implications of changes to the distribu-
tion of freshwater fisheries extend 
beyond recreational use by humans, 
this analysis underestimates the 
economic benefits of GHG mitigation. 

For more information on the CIRA 
approach and results for the 
freshwater fish sector, please refer 
to Lane et al. (2014)27 and Jones et 
al. (2012).28

Reducing Impacts through 
GHG Mitigation

Figure 2. Projected Impact on Potential Freshwater Fish Habitat in 2100 
with Global GHG Mitigation 

Change in distribution of areas where stream temperature supports different fisheries under  
the Mitigation scenario using the IGSM-CAM climate model. Results are presented  

for the 8-digit HUCs of the contiguous U.S. 

  

Current Cold, Projected Cold 
Current Cold, Projected Warm
Current Warm, Projected Warm
Current Warm, Projected Rough
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KEY FINDINGS Climate Change and Wildfire
1

2

3

Without global GHG  
mitigation efforts, climate 
change is projected to 
dramatically increase  
the area burned by wild-
fires across most of the  
contiguous U.S., especially 
in the West.

Global GHG mitigation  
is projected to reduce the 
cumulative area burned  
by wildfires over the course 
of the 21st century by 
approximately 210-300  
million acres compared to 
the Reference. 

Global GHG mitigation 
avoids an estimated  
$8.6-$11 billion in wildfire 
response costs and $3.4 
billion in fuel management 
costs on conservation 
lands (discounted at 3%) 
through 2100 compared to 
the Reference. Other im-
pacts, such as property 
damage or health effects 
from decreased air quality, 
are not estimated, but 
could have large economic  
implications. 

Terrestrial ecosystems in the U.S. provide a 
wealth of goods and services such as timber, 
wildlife habitat, erosion management, water 
filtration, recreation, and aesthetic value. 
Climate change threatens these ecosystems 
as heat, drought, and other disturbances 
bring larger and more frequent wildfires. 
Wildfires can damage property, disrupt 
ecosystem services, destroy timber stocks, 
impair air quality, and result in loss of life.29 In 
the last decade (2004-2013), more than 72 
million acres of forest have burned due to 
wildfires, and the U.S. government has spent 
in excess of $15 billion on wildfire suppres-
sion.30 Additionally, wildfires release carbon 
stored in terrestrial ecosystems, potentially 
further accelerating climate change.31, 32

Risks of Inaction
Without GHG mitigation, climate change is projected to dramatically increase the area burned  
by wildfires across most of the contiguous U.S., a finding that is consistent with the assessment 
literature.33 Under the Reference using the IGSM-CAM climate projections, approximately 5.3 
million34 more acres—an area greater than the state of Massachusetts—are projected to burn 
each year at the end of the century compared to today. This represents a doubling of acres 
burned compared to today’s rates.35 However, the estimated impacts vary across regions and 
through time (Figure 1). Consistent with the assessment literature,36 the western U.S.37 is projected 
to experience large increases in burned area by the end of the century (an increase of approxi-
mately 43%). In particular, the Southwestern region (comprising Arizona, New Mexico, and West 
Texas) is projected to experience increases of 140% on average.38 Wildfire in other regions is not 
projected to change significantly compared to today, and some regions, such as the Northeast, 
are estimated under the IGSM-CAM projections to experience decreases in wildfire activity. 

Figure 1. Projected Impact of Unmitigated Climate Change on Wildfire Activity 
Change in average annual acres burned under the Reference scenario by mid-century (2035-2064) and  

end of century (2085-2114) compared to the historic baseline (2000-2009) using the IGSM-CAM climate model. 
Acres burned include all vegetation types and are calculated at a cell resolution of 0.5° x 0.5°. 

Change in Acres Burned
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APPROACHReducing Impacts through 
GHG Mitigation

Figure 2. Estimated Acres Burned with and without Global GHG Mitigation 
Estimated acres burned by wildfire in the contiguous U.S. over the course of the 21st century under the Reference 
and Mitigation scenarios using the IGSM-CAM climate model, with trends shown in bold. The large inter-annual 

variability reflects simulated periods of fuel accumulation followed by seasons of large wildfire activity. 

To estimate the effect of climate 
change on areas burned by wildfires, 
the CIRA analysis uses the MC1 
dynamic global vegetation model.  
The model simulates future terrestrial 
ecosystem cover and burned area 
across the contiguous U.S. in the 21st 
century. The vegetation model is 
driven by changes in future climate 
(e.g., temperature, precipitation, 
humidity) based on five initializations 
of the IGSM-CAM climate model for the 
Reference and Mitigation scenarios.41,42 
Results presented in this section 
represent the average of the initializa-
tions. Simulations using the drier 
MIROC model were also performed. 
Projected changes in fire regime over 
time are adjusted to account for fire 
suppression tactics. 

The projected impacts of wildfires 
are summarized by scenario and 
geographic area, and then monetized 
using average wildfire response costs 
for each region. These costs include the 
costs associated with labor (e.g., fire 
crews) and equipment (e.g., helicop-
ters, bulldozers) that are required for 
fire-fighting efforts.43 Using the 
approach described in Lee et al. 
(2015),44 the analysis also estimates the 
environmental damages resulting from 
moderate and severe wildfires on 
conservation lands (e.g., Forest Service 
lands, national parks and preserves, 
and other protected lands) across the 
contiguous U.S. under the Reference 
and Mitigation scenarios. To estimate 
the value of the lost ecosystem services 
resulting from these wildfires, the 
analysis quantifies the costs of fuels 
management needed to offset the 
injury caused by wildfires. Air quality 
impacts, property loss, loss of recre-
ation, and the effects of pest infesta-
tions (e.g., pine bark beetles) on 
wildfire activity are additional and 
important impacts, but are not 
included in the reported estimates.

For more information on the CIRA 
approach and results for wildfires, 
please refer to Mills et al. (2014)45 

and Lee et al. (2015).46
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Reference Mitigation

As shown in Figure 2, global GHG mitigation 
significantly reduces the area burned by 
wildfire in the U.S. over the course of the  
21st century. By 2100, the Mitigation scenario 
reduces the cumulative area burned by 
approximately 210-300 million acres, 
depending on the climate model used. This 
corresponds to a 13-14% reduction relative 
to the Reference. As shown, the combined 
area of wildfires avoided in the contiguous 
U.S. due to GHG mitigation is equivalent to 
two to three times the size of California. 
These benefits of GHG mitigation would 
largely occur in the West, where approxi-
mately 64%-75% of the avoided burned area is located. 

Nationally, the avoided wildfire due to GHG mitigation corresponds $11 billion in reduced 
wildfire response costs and $3.4 billion39 in avoided fuel management costs for conservation 
lands through 2100 (both discounted at 3%). Other economic damages from wildfire that are 
not estimated in this analysis, such as human health effects from decreased air quality, could 
have large implications at national and regional scales. These results rely upon climate 
projections from the IGSM-CAM, which projects a relatively wetter future for most of the U.S. 
compared to the MIROC climate model (see the Levels of Certainty section of this report for 
more information). The projected benefits of global GHG mitigation are slightly lower for the 
drier MIROC model, with wildfire response cost savings estimated at $8.6 billion through 
2100 (discounted at 3%).40

210-300 million fewer acres burned over  
the course of the 21st century, an area 2-3 times  

the size of California

+ +
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Carbon Storage
KEY FINDINGS Climate Change and Terrestrial 

Carbon Storage 1

2

Changes in vegetative 
carbon storage in the con-
tiguous U.S. are highly 
dependent on the projected 
future climate, with the 
magnitude, regional distri-
bution, and directionality of 
impacts changing over time. 

The estimated effect of 
global GHG mitigation on 
carbon storage ranges from 
a decrease in carbon stocks 
of 0.5 billion metric tons to 
an increase in carbon 
stocks of 1.4 billion metric 
tons by the end of the 
century, depending on the 
climate model used. The 
economic value of these 
changes in carbon storage 
ranges from $9 billion in 
disbenefits to $120 billion 
in GHG mitigation benefits 
(both discounted at 3%). 

Risks of Inaction
Climate change impacts on terrestrial ecosystem carbon storage under the Reference are on 
the order of billions of tons of carbon from 2000 to 2100, with some regions showing 
substantial changes in terrestrial carbon stocks (total amount of carbon in the vegetation). 
Under the IGSM-CAM climate projections, terrestrial ecosystem storage across the contigu-
ous U.S. is projected to increase 3.4% from 2000 to 2100 (equal to 2.9 billion metric tons),50 

primarily due to generally warmer, wetter, and CO2-rich future conditions that are favorable 
to vegetative growth. Much of the national trend is driven by the Rocky Mountains, South, 
and East regions, which have the largest projected increases in terrestrial ecosystem carbon. 
However, as shown in Figure 2, there is substantial regional variation, and projections for 
carbon storage vary greatly depending on the projected future climate. Results using the 
drier MIROC climate model project net reductions in stored carbon under the Reference in 
most regions. These results are consistent with the findings of the assessment literature.51

Figure 2. Projected Impact of Unmitigated Climate Change  
on Stored Carbon in 2100 

Simulated changes in carbon stocks from the baseline (2000-2009 average) projected by the IGSM-CAM and 
MIROC climate models are aggregated by U.S. Forest Service Geographic Area Coordination Center region.

Terrestrial ecosystems influence the climate system 
through their important role in the global carbon 
cycle. These ecosystems capture and store carbon 
from the atmosphere, thereby reducing its climate 
impact. However, they can also act as a source, 
releasing carbon through decomposition and 
wildfires (Figure 1). Terrestrial ecosystems in the 
U.S., which include forests, grasslands, and 
shrublands, are currently a net carbon sink. Today, 
forests store more than 227 million tons of carbon per 
year, which offsets approximately 16% of all annual U.S. 
carbon dioxide emissions from fossil fuel burning.47 Forest carbon 
storage has increased due to net increases in forest area, improved forest management, as 
well as higher productivity rates and longer growing seasons driven by climate change.48 

However, climate-driven changes in the distribution of vegetation types, wildfire, pests, and 
disease are affecting, and will continue to affect, U.S. terrestrial ecosystem carbon storage.49

Figure 1. Carbon Storage Basics

PHOTOSYNTHESIS, 
LITTERFALL, 

SEDIMENTATION

COMBUSTION, 
RESPIRATION, 
DECOMPOSITION
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APPROACHReducing Impacts through 
GHG Mitigation
The impacts of GHG mitigation on national 
terrestrial ecosystem carbon storage are 
highly dependent upon the projected future 
climate, with the magnitude and even 
directionality of impacts varying over time 
(Figure 3). Across the contiguous U.S., average 
results across the IGSM-CAM initializations 
show that GHG mitigation reduces stored 
carbon compared to the Reference by 0.5 
billion metric tons over the course of the 
century. The economic value of this lost 
carbon under the Mitigation scenario is an 
estimated $9.0 billion (discounted at 3%). As 
shown in Figure 3, carbon stocks under the 
Mitigation scenario are larger than the 
Reference in the first half of the century under 
the IGSM-CAM, but the trend reverses after 
2050, as climate conditions under the 
Reference (generally warmer and wetter) are 
more favorable for vegetative growth. There is 
an early savings from the near-term gain in 
stored carbon of approximately 1.1 billion 
metric tons, estimated at $170 billion by 2030 
(discounted at 3%). However, these initial 
gains are not large enough to offset projected 
losses in the second half of the century.

The projected impacts of climate change 
on vegetative carbon storage and the effects 

of GHG mitigation are different when using 
the relatively drier climate projections from 
the MIROC model (Figure 3). The MIROC 
results project a consistent increase in carbon 
storage benefits when comparing the 
Mitigation scenario to the Reference, with a 
carbon stock increase of 1.4 billion metric 
tons by 2100. The economic value of this 
carbon gain under the Mitigation scenario is 
an estimated $120 billion (discounted at 3%). 
Results using IGSM-CAM projections show 
much more variability over time than the 
MIROC results, which is primarily a reflection 
of the climate projection method.52

Figure 3. Projected Impact of Global GHG Mitigation on  
Carbon Stocks in the Contiguous U.S.

Estimated change in the size of terrestrial ecosystem carbon stocks under the Mitigation scenario  
compared to the Reference. Positive values indicate larger carbon stocks under the Mitigation  

scenario compared to the Reference, and vice versa. The thin lines represent estimated changes in  
carbon stocks under the different initializations of the IGSM-CAM climate model. 

To estimate climate change impacts 
on terrestrial ecosystem carbon 
storage, the MC1 dynamic global  
vegetation model was used to 
simulate terrestrial vegetative growth 
and cover (e.g., grasses, shrubs, hard 
and softwood forests) for the contig-
uous U.S. from 2000 to 2100.53 
Vegetative cover estimates from MC1 
reflect simulated changes in climate, 
biogeography, biogeochemistry, and 
fire dynamics. MC1 was run using the 
five initializations of the IGSM-CAM 
climate model for both the Reference 
and Mitigation scenarios (see the CIRA 
Framework section of this report for 
more information).54 The results 
described in this section represent the 
average of these initializations. 
Because IGSM-CAM projects a wetter 
future for a majority of the nation, 
MC1 was also run using the MIROC 
climate model. These drier climate 
projections for the U.S. were used to 
capture a broader range of possible 
precipitation futures under the same 
GHG emissions scenarios. 

Projected annual changes in terrestri-
al carbon storage for non-agricultural, 
non-developed lands across the 
contiguous U.S. were summarized by 
scenario and geographic area, and 
then monetized using the central 
estimate of the U.S. Government’s 
updated social cost of carbon (SCC) 
values for the years 2010-2050, with 
extrapolation to 2100.55 

This analysis did not consider the 
effects of future changes in ozone, 
pests, and disease, which could 
influence the ability of U.S. terrestrial 
ecosystems to store carbon.
  

For more information on the CIRA 
approach and results for carbon 
storage, please refer to Mills et al. 
(2014).56
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Overview of Results
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Overview of Results
This section provides an overview of the national and 
regional results for all sectors included in the report. The 
National Highlights section presents the estimated physical 
and monetary benefits (avoided impacts) to the U.S. of the 
global GHG mitigation scenario compared to the Reference 
scenario in 2050 and 2100. 

The Regional Highlights section shows regional impacts 
that are particularly notable, presenting changes in both the 
Reference and Mitigation scenarios to highlight the potential 
benefits of global GHG mitigation. The individual monetized 
estimates presented in these sections are not aggregated,  
as there are differences in the types of costs being quantified 
across sectors; furthermore, not all potential impacts of 
climate change are represented in this report.
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National Highlights
OVERVIEW OF RESULTS

his section provides an overview of the national-scale results presented 
throughout this report. It presents the estimated physical and monetary benefits 
(avoided impacts) to the U.S. of global GHG mitigation compared to the Reference 

scenario in the years 2050 and 2100. Although not available for all sectors, cumulative 
benefits for the entire 21st century would likely be much larger than the annual estimates 
presented here. In addition, the individual monetized estimates are not aggregated, as 
only a subset of climate change impacts is quantified in this report, and there are differ-
ences in the types of costs being quantified across the sectors. For detailed information 
on the results, and a summary of the methodologies used, please refer to the Sectors 
section of this report.  

An estimated 13,000 fewer deaths from poor air quality, 
valued at $160 billion.*

AIR  
QUALITY

INFRASTRUCTURE

ELECTRICITY

In the year 2050, global GHG mitigation  
is projected to result in... 

In the year 2100, global GHG mitigation  
is projected to result in...

HEALTH
An estimated 57,000 fewer deaths from poor air quality, 
valued at $930 billion.*

An estimated 1,700 fewer deaths from extreme heat and 
cold in 49 major U.S. cities, valued at $21 billion.

An estimated 12,000 fewer deaths from extreme heat and 
cold in 49 major U.S. cities, valued at $200 billion.

An estimated avoided loss of 360 million labor hours,  
valued at $18 billion.

An estimated avoided loss of 1.2 billion labor hours,  
valued at $110 billion.

An estimated $507-$700 million in avoided damages from 
poor water quality.†

An estimated $2.6-$3.0 billion in avoided damages from 
poor water quality.†

EXTREME  
TEMPERATURE

LABOR

WATER 
QUALITY

COASTAL 
PROPERTY

An estimated $0.14 billion in avoided damages and 
adaptation costs from sea level rise and storm surge.

An estimated $3.1 billion in avoided damages and adapta-
tion costs from sea level rise and storm surge.

DEMAND AND 
SUPPLY

An estimated 1.1%-4.0% reduction in energy demand  
and $10-$34 billion in savings in power system costs.‡

Not estimated.

*  These results do not reflect the additional benefits to air quality and human health that would stem from the co-control of traditional air pollutants along with GHG emissions.
†    For sectors sensitive to changes in precipitation, the estimated range of results is generated using projections from two climate models showing different patterns of future precipitation in the contiguous U.S. The 

IGSM-CAM model projects a relatively “wetter” future for most of the contiguous U.S. compared to the “drier” MIROC model (see the CIRA Framework section of this report for more information). 

‡  Estimated range of benefits from the reduction in demand and system costs resulting from lower temperatures associated with GHG mitigation. The electricity section in this report presents an analysis that includes 
the costs to the electric sector of reducing GHG emissions. 

T

An estimated 160-960 fewer bridges made structurally 
vulnerable, valued at $0.12-$1.5 billion.†

An estimated 720-2,200 fewer bridges made structurally 
vulnerable, valued at $1.1-$1.6 billion.†

An estimated $0.56-$2.3 billion in avoided adaptation 
costs.†

An estimated $4.2-$7.4 billion in avoided adaptation costs.†

An estimated $56 million to $2.9 billion in avoided adapta-
tion costs from the 50-year, 24-hour storm in 50 U.S. cities.†

An estimated $50 million to $6.4 billion in avoided adapta-
tion costs from the 50-year, 24-hour storm in 50 U.S. cities.†

BRIDGES

ROADS

URBAN 
DRAINAGE

g g
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National Highlights
In the year 2050, global GHG mitigation  

is projected to result in... 
In the year 2100, global GHG mitigation  

is projected to result in...

An estimated change in flooding damages ranging from $260 
million in damages to $230 million in avoided damages.†

INLAND 
FLOODING

AGRICULTURE & FORESTRY

ECOSYSTEMS

WATER RESOURCES
An estimated change in flooding damages ranging from 
$32 million in damages to $2.5 billion in avoided damages.†

An estimated 29%-45% fewer severe and extreme droughts, 
with corresponding avoided damages to the agriculture 
sector of approximately $1.2-$1.4 billion.†

An estimated 40%-59% fewer severe and extreme droughts, 
with corresponding avoided damages to the agriculture 
sector of $2.6-$3.1 billion.†

An estimated $3.9-$54 billion in avoided damages due to 
water shortages.†

An estimated $11-$180 billion in avoided damages due to 
water shortages.†

DROUGHT

WATER 
SUPPLY AND 
DEMAND

AGRICULTURE An estimated $1.5-$3.8 billion in avoided damages.

Estimated damages of $9.5-$9.6 billion. 

An estimated $6.6-$11 billion in avoided damages.

An estimated $520 million to $1.5 billion in avoided 
damages. 

An estimated avoided loss of 53% of coral in Hawaii,  
3.7% in Florida, and 2.8% in Puerto Rico. These avoided 
losses are valued at $1.4 billion.

CORAL  
REEFS

An estimated avoided loss of 35% of coral in Hawaii, 1.2%  
in Florida, and 1.7% in Puerto Rico. These avoided losses are 
valued at $1.2 billion. 

An estimated avoided loss of 11% of the U.S. oyster  
supply, 12% of the U.S. scallop supply, and 4.6% of the  
U.S. clam supply, with corresponding consumer benefits  
of $85 million.

An estimated avoided loss of 34% of the U.S. oyster  
supply, 37% of the U.S. scallop supply, and 29% of the  
U.S. clam supply, with corresponding consumer benefits  
of $380 million.

An estimated change in recreational fishing ranging from 
$13 million in avoided damages to $3.8 million in damages.†

An estimated $95-$280 million in avoided damages 
associated with recreational fishing.†

An estimated 2.1-2.2 million fewer acres burned and 
corresponding avoided wildfire response costs of $160-$390 
million.†

An estimated 6.0-7.9 million fewer acres burned and 
corresponding avoided wildfire response costs of $940 
million to $1.4 billion.†

SHELLFISH

FRESHWATER 
FISH

WILDFIRE

An estimated 26-78 million fewer metric tons of carbon 
stored, and corresponding costs of $7.5-$23 billion.†

An estimated 1-26 million fewer metric tons of carbon stored, 
and corresponding costs of $880 million to $12 billion.†

CARBON  
STORAGE

FORESTRY
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 Estimates are presented in undiscounted 2014 dollars and rely upon climate projections from the IGSM-CAM climate model. Results using projections from other climate models, such as the MIROC model used 
throughout this report, could lead to variations in results for some sectors. 

 

 

 

 

 

SHELLFISH
Acidi�cation in the Paci�c Northwest is already a�ecting 
U.S. shell�sh harvests. The U.S. supplies of oysters, 
clams, and scallops are projected to decline 45%, 32%, 
and 48%, respectively, in the Reference scenario in 
2100, compared to 11%, 3%, and 11%, respectively, in 
the Mitigation scenario. 

CARBON STORAGE
The Northwest is projected to experience a 6.1% 
decrease in terrestrial carbon storage in 2100 under the 
Reference scenario, compared to a 2.4% decrease in the 
Mitigation scenario.   

WATER SUPPLY AND DEMAND
California is projected to incur $4.5 billion in damages in 
2100 due to changes in water supply and demand in the 
Reference scenario. However, climate change under the 
Mitigation scenario is projected to result in an increase 
in welfare of $40 million. 

DROUGHT
In the Southwest, the number of severe and 
extreme droughts is projected to nearly quadruple 
by the end of the century in the Reference scenario 
compared to today. In the Mitigation scenario, the 
incidence of drought is not projected to change 
substantially from present day.   

WATER QUALITY
The Southwest is projected to experience water quality 
damages of approximately $1.8 billion in 2100 under the 
Reference scenario, compared to $470 million in the 
Mitigation scenario. 

CORAL REEFS
By the end of the century, Hawaii is projected to lose 
98% of its current shallow-water coral in the Reference 
scenario, compared to 64% in the Mitigation scenario. 

LABOR
In 2100, the Southwest is projected to experience a 
3.4% decrease in high-risk labor hours worked in the 
Reference scenario, compared to a decrease of 0.82% 
in the Mitigation scenario. 

COASTAL PROPERTY
In 2100, the Tampa Bay area is projected to incur $2.8 
billion in damages from sea level rise and storm surge 
in the Reference scenario without adaptation. When 
adaptation measures are implemented, total costs in 
2100 fall to $500 million in the Reference scenario, 
compared to $450 million in the Mitigation scenario. 

AIR QUALITY
In 2100, areas of the Southeast are projected to 
experience an annual increase in ozone (O3) and �ne 
particulate matter (PM2.5) of 0.7 ppb and 1 µg/m-3, 
respectively. In the Mitigation scenario, the levels of 
O3 and PM2.5 are projected to decrease by 120% and 
88%, respectively, compared to the Reference. 

AGRICULTURE
In the Southeast, yields of irrigated soybeans are 
projected to decrease 23% in 2100 under the Reference 
scenario. Under the Mitigation scenario, yields are 
projected to increase 4.7%.

URBAN DRAINAGE
In 2100, major cities analyzed in the Great Plains are 
estimated to incur $2.1 million per square mile in 
damages associated with urban drainage systems in the 
Reference scenario, compared to $750,000 per square 
mile in the Mitigation scenario.

EXTREME TEMPERATURE
Without mitigation, major cities in the Northeast from 
D.C. to Boston are projected to su�er a combined 2,600 
extreme temperature mortalities in 2100, compared to 
190 in the Mitigation scenario.  

FRESHWATER FISH
Throughout the Appalachians, global GHG mitigation is 
projected to preserve approximately 70% of habitat for 
coldwater �sh species (e.g., trout) that would otherwise 
be lost by the end of the century to rising temperatures 
from unmitigated climate change.

BRIDGES
In the Great Lakes region, approximately 520 bridges are 
projected to be vulnerable in 2100 under the Reference 
scenario, compared to 65 in the Mitigation scenario. 

INLAND FLOODING
In Texas, projected damages associated with the 
100-year �ood event are $3.6 billion in 2100 under the 
Reference scenario, compared to $2.6 billion in the 
Mitigation scenario. 

ROADS
In 2100, the Great Plains region is projected to incur 
road damages of approximately $3.5 billion in the 
Reference scenario, compared to $1.1 billion in the 
Mitigation scenario.  

WILDFIRE
In the Rocky Mountains, an estimated 1.9 million more 
acres are projected to burn in 2100 under the Reference 
scenario compared to today. In the Mitigation scenario, 
an estimated 1.5 million fewer acres are projected to 
burn compared to today.  

ELECTRICITY DEMAND
The South Central region is projected to experience 
a 2.0% to 4.2% increase in electricity demand under 
the Reference scenario in 2050. In the Mitigation 
scenario, the projected change in demand ranges 
from -1.4% to 1.6%.  
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OVERVIEW OF RESULTS

This section highlights regional impacts of climate change in the U.S. For each sector,  
the map presents a region where substantial benefits of global GHG mitigation are projected  
to occur in the years 2050 or 2100.* Note that the geographic scale at which impacts are  
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respectively. In the Mitigation scenario, the levels of 
O3 and PM2.5 are projected to decrease by 120% and 
88%, respectively, compared to the Reference. 
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projected to decrease 23% in 2100 under the Reference 
scenario. Under the Mitigation scenario, yields are 
projected to increase 4.7%.
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In 2100, major cities analyzed in the Great Plains are 
estimated to incur $2.1 million per square mile in 
damages associated with urban drainage systems in the 
Reference scenario, compared to $750,000 per square 
mile in the Mitigation scenario.

EXTREME TEMPERATURE
Without mitigation, major cities in the Northeast from 
D.C. to Boston are projected to su�er a combined 2,600 
extreme temperature mortalities in 2100, compared to 
190 in the Mitigation scenario.  
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Throughout the Appalachians, global GHG mitigation is 
projected to preserve approximately 70% of habitat for 
coldwater �sh species (e.g., trout) that would otherwise 
be lost by the end of the century to rising temperatures 
from unmitigated climate change.

BRIDGES
In the Great Lakes region, approximately 520 bridges are 
projected to be vulnerable in 2100 under the Reference 
scenario, compared to 65 in the Mitigation scenario. 

INLAND FLOODING
In Texas, projected damages associated with the 
100-year �ood event are $3.6 billion in 2100 under the 
Reference scenario, compared to $2.6 billion in the 
Mitigation scenario. 

ROADS
In 2100, the Great Plains region is projected to incur 
road damages of approximately $3.5 billion in the 
Reference scenario, compared to $1.1 billion in the 
Mitigation scenario.  

WILDFIRE
In the Rocky Mountains, an estimated 1.9 million more 
acres are projected to burn in 2100 under the Reference 
scenario compared to today. In the Mitigation scenario, 
an estimated 1.5 million fewer acres are projected to 
burn compared to today.  

ELECTRICITY DEMAND
The South Central region is projected to experience 
a 2.0% to 4.2% increase in electricity demand under 
the Reference scenario in 2050. In the Mitigation 
scenario, the projected change in demand ranges 
from -1.4% to 1.6%.  
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quantified in the sectoral analyses vary. For example, some of the analyses calculate impacts 
for large watersheds, while others use the National Climate Assessment regions. For purposes 
of highlighting regional impacts, this section approximates the regions. 
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Conclusion
Understanding the potential timing and  
magnitude of climate change impacts in the U.S., and how 
they could be reduced or avoided through GHG mitigation, 
informs near- and long-term policies to address these risks. 
This report describes climate change damages in the U.S. 
across multiple sectors using a consistent set of scenarios 
and underlying assumptions.1 In doing so, the study 
estimates the physical and economic risks of unmitigated 
climate change and the potential benefits to the U.S. of 
reducing global GHG emissions. Importantly, only a small 
portion of the impacts of climate change are estimated, 
and therefore this report captures just some of the total 
benefits of reducing GHGs. Looking across the large 
number of sectoral impacts described in this report, a 
number of key findings emerge:

•  Unmitigated climate change is projected to profoundly 
affect human health, the U.S. economy, and the environ-
ment. The CIRA analyses 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 the impact sectors. In 
addition, the analyses suggest that climate change impacts 
will not be uniform across the U.S., with most sectors 
showing a complex pattern of regional-scale impacts.

•  Global action to mitigate GHG emissions is projected to 
reduce and avoid impacts in the U.S. that would other-
wise occur in a future with continued high growth in 
GHG emissions. Importantly, these benefits are projected 
to increase over the course of the century. The analyses 
indicate that risks and impacts over the long term will not 
be avoided unless there is near-term action to significantly 
reduce GHG emissions. This report presents benefits for one 
illustrative global GHG mitigation scenario. More stringent 
emissions reductions would likely increase the benefits 
compared to the Reference scenario, and, conversely, less 
stringent reductions would likely decrease the benefits.

•  Global GHG mitigation substantially reduces the risk of 
some extreme weather events and their subsequent 
impacts on human health and well-being by the end of 
the century. 

•  Adaptation, especially in the infrastructure sector, can 
substantially reduce the estimated damages of climate 
change. For some impacts, such as those described in the 
Coastal Property section, well-timed adaptation can have a 
larger effect on reducing the risks of inaction than global 
GHG mitigation, particularly in the near term, highlighting 
the need for concurrent mitigation and adaptation actions.

•  For some impacts, the effects of global GHG mitigation 
can vary across different projections of future climate. 
This is particularly true for those sectors sensitive to changes 
in precipitation. For a few of these sectors, mitigation results 
in either benefits or disbenefits depending upon the 
simulated level of future precipitation.2 By analyzing multiple 
types of impacts by sector, such as flooding, drought, water 
quality, and supply/demand in the water realm, and using a 
range of projections for future precipitation, a more compre-
hensive understanding of potential impacts and mitigation 
benefits is gained. 
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Conclusion

This report represents a significant and important contribution to estimating the multi-sectoral benefits to the U.S. of global GHG 
mitigation. Although the results presented in this report do not provide comprehensive coverage of all potential impacts, the 
breadth and depth of the analyses will expand in future work within the CIRA project. Comprehensive and quantitative estimates of 
climate change impacts are not only needed to evaluate the benefits of GHG mitigation, but also to evaluate the cost-effectiveness 
of adaptation responses, and to support the improvement of other economic tools used to analyze climate and energy policies. 
Although CIRA only begins to capture many of the dynamics and uncertainties involved in impact analysis (e.g., interactions among 
sectoral models), this report provides timely and quantitative estimates as the science continues to advance in this field. Future work 
to refine projections of how GHG emissions affect the climate, and how these changes affect society and the environment, will 
improve our understanding and confidence in the estimates presented in this report. 

Observed Climate Change
Climate Change Indicators in the United States: EPA publishes a set of indicators describing trends related to the 
causes and effects of climate change. Focusing primarily on the U.S., this resource presents compelling evidence that 
many fundamental measures of observed climate are changing. 

Please visit EPA’s website for more information: http://www.epa.gov/climatechange/science/indicators/index.html 
Climate Change Indicators 
in the United States, 2014 

Third Edition

EPA’s Climate Change website (www.epa.
gov/climatechange) provides a good 
starting point for further exploration of 
this topic. From this site, you can:

•  Read about greenhouse gas emissions, 
look through EPA’s greenhouse gas 
inventories, and explore EPA’s Greenhouse 
Gas Data Publication Tool. 

•  Learn about EPA’s regulatory initiatives 
and partnership programs. 

•  Find out what you can do at home, on 
the road, at work, and at school to help 
reduce greenhouse gas emissions.

Other government and nongovernment 
websites also provide information about 
climate change. Here are some examples:

•  The Intergovernmental Panel on Climate 
Change (IPCC) is the international 
authority on climate change science. The 
IPCC website (www.ipcc.ch/index.htm) 
summarizes the current state of scientific 
knowledge about climate change and 
includes links to their most recent Fifth 
Assessment Report.

•  The U.S. Global Change Research Program 
(www.globalchange.gov) is a multi-agency 
effort focused on improving our under-
standing of the science of climate change 

and its potential impacts on the U.S. 
through reports like the National Climate 
Assessment.

Finally, other groups are working to 
estimate the impacts of climate change in 
the U.S. and/or other world regions. Here 
are some examples:

•  The Inter-Sectoral Impact Model Inter-
comparison Project (ISI-MIP; https:// 
www.pik-potsdam.de/research/ 
climate-impacts-and-vulnerabilities/
research/rd2-cross-cutting-activities/
isi-mip) is an international, community- 
driven modelling effort bringing together 
impact models across sectors and scales.

•  The Risky Business Project (http://
riskybusiness.org/) focuses on quantifying 
and publicizing the economic risks  
from the impacts of a changing climate  
in the U.S.

•  The European Commission Joint Research 
Centre’s PESETA II project (Projection of 
Economic impacts of climate change in 
Sectors of the European Union based on 
bottom-up Analysis; http://peseta.jrc.ec.
europa.eu/) is a consistent multi-sectoral 
assessment of the impacts of climate 
change in Europe. 

•  AVOID (http://www.metoffice.gov.uk/
avoid/) is a research program that 
provides modeling and scientific informa-
tion to the U.K. Government on avoiding 
dangerous climate change brought on by 
greenhouse gas emissions.

•  The project on the Benefits of Reduced 
Anthropogenic Climate Change (BRACE; 
https://chsp.ucar.edu/brace) focuses on 
differences in impacts resulting from 
climate change driven by high and low 
emissions scenarios.

Additional Climate Change Resources

Next Steps

http://www.epa.gov/climatechange/science/indicators/index.html
http://www.epa.gov/climatechange
http://www.epa.gov/climatechange
http://www.ipcc.ch/index.htm
http://www.globalchange.gov
https://www.pik-potsdam.de/research/climate-impacts-and-vulnerabilities/research/rd2-cross-cutting-activities/isi-mip
https://www.pik-potsdam.de/research/climate-impacts-and-vulnerabilities/research/rd2-cross-cutting-activities/isi-mip
https://www.pik-potsdam.de/research/climate-impacts-and-vulnerabilities/research/rd2-cross-cutting-activities/isi-mip
https://www.pik-potsdam.de/research/climate-impacts-and-vulnerabilities/research/rd2-cross-cutting-activities/isi-mip
https://www.pik-potsdam.de/research/climate-impacts-and-vulnerabilities/research/rd2-cross-cutting-activities/isi-mip
http://riskybusiness.org/
http://riskybusiness.org/
http://peseta.jrc.ec.europa.eu/
http://peseta.jrc.ec.europa.eu/
http://www.metoffice.gov.uk/avoid/
http://www.metoffice.gov.uk/avoid/
https://chsp.ucar.edu/brace
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CONCLUSION
1  The few efforts to date that have estimated multi-sector impacts in a consistent 
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europa.eu), and the Risky Business Initiative (http://riskybusiness.org), a project 
focusing on economic risks in the U.S. Integrated assessment models, such as FUND 
(http://fund-model.org), are also being used to estimate the multi-sector social costs of 
GHG emissions. 

2  The use of a climate model that generates a relatively higher amount of future 
precipitation may strongly influence results in a particular sector. For example, inland 
flooding damages may be larger under these wetter climate projections compared to 
those under a drier model. This same sensitivity of sectoral results to the choice of 
climate model could affect a different part of the water sector in complementary ways, 
such that drought damages could be smaller compared to those under a drier model. 
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