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Executive Summary 
 

 
 
 
The social cost of carbon (SCC) for a given year is an estimate, in dollars, of the present 

discounted value of the damage caused by a 1-metric ton increase in carbon dioxide (CO2) 
emissions into the atmosphere in that year; or, equivalently, the benefits of reducing CO2 
emissions by the same amount in that year. The SCC is intended to provide a comprehensive 
measure of the monetized value of the net damages from global climate change that results from 
an additional unit of CO2,including, but not limited to, changes in net agricultural productivity, 
energy use, human health effects, and property damages from increased flood risk. Federal 
agencies use the SCC to value the CO2 emissions impacts of various regulations, including 
emission and fuel economy standards for vehicles; emission standards for industrial 
manufacturing, power plants and solid waste incineration; and appliance energy efficiency 
standards. 

The Interagency Working Group on the Social Cost of Carbon (IWG) developed a 
methodology for estimating the SCC and applied that methodology to produce estimates that 
government agencies use in regulatory impact analyses under Executive Order 12866.  The IWG 
requested this Academies interim report to determine if a near-term update to the SCC is 
warranted, with specific questions pertaining to the representation of the equilibrium response of 
the climate system in the integrated assessment models (IAMs) used by the SCC modeling 
structure, as well as the presentation of uncertainty of the SCC estimates. This interim report is 
the first of two reports requested by the IWG: the second (Phase 2) report will examine potential 
approaches for a more comprehensive update to the SCC estimates.  

The committee concludes that there would not be sufficient benefit of modifying the 
estimates to merit a near-term update that would be based on revising a specific parameter in the 
existing framework used by the IWG to reflect the most recent scientific consensus on how 
global mean temperature is, in equilibrium, affected by CO2 emissions. Furthermore, the 
committee does not recommend changing the distributional form used to capture uncertainty in 
the equilibrium CO2 emissions-temperature relationship. Rather than simply updating the 
distribution used for equilibrium climate sensitivity (ECS)—the link that translates CO2 
emissions to global temperature change—in the current framework, the IWG could undertake 
efforts toward the adoption or development of a common representation of the relationship 
between CO2 emissions and global mean surface temperature change, its uncertainty, and its 
profile over time. The committee outlines specific diagnostic criteria that can be used to assess 
whether such a module is consistent with the best available science.  

Further, the committee recommends that the IWG provide guidance in their technical 
support documents about how SCC uncertainty should be represented and discussed in individual 
regulatory impact analyses that use the SCC. The committee recommends that each update of the 
SCC include a section in the technical support document that discusses the various types of 
uncertainty in the overall SCC estimation approach, addresses how different models used in SCC 
estimation capture uncertainty, and discusses uncertainty that is not captured in the estimates. In 
addition, the committee notes that it is important to separate the effects of the discount rate on 
the SCC from the effects of other sources of variability.  Finally, the committee recommends that 
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the IWG provide symmetric treatment of both low and high values from the frequency 
distribution of SCC estimates conditional on each discount rate. 

The committee also reminds readers that it will be exploring these and other broader 
issues further in Phase 2 of this study; the committee may offer further discussion of these issues 
in its Phase 2 report including the modeling of the climate system and the representation of 
uncertainty in the estimation of the SCC.    
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1 
Introduction 

 
 

 
 
The social cost of carbon (SCC) for a given year is an estimate, in dollars, of the present 

discounted value of the damage caused by a 1-metric ton increase in CO2 emissions into the 
atmosphere in that year; or equivalently, the benefits of reducing CO2 emissions by the same 
amount in that given year.1 The SCC is intended to provide a comprehensive measure of the 
monetized value of the net damages from global climate change from an additional unit of CO2, 
including, but not limited to, changes in net agricultural productivity, energy use, human health 
effects, and property damages from increased flood risk.2 Federal agencies use the SCC to value 
the CO2 emissions impacts of various policies including emission and fuel economy standards 
for vehicles, regulations of industrial air pollutants from industrial manufacturing, emission 
standards for power plants and solid waste incineration, and appliance energy efficiency 
standards. 

 
HISTORY AND DEVELOPMENT OF THE SCC  

 
The effort to incorporate the SCC into regulatory decision making started during the 

latter part of the George W. Bush Administration. Prior to 2008, changes in CO2 emissions were 
not valued in the cost-benefit analysis required when establishing federal rules and regulations 
(U.S. Government Accountability Office, 2014, p. 5).  After a 2008 court ruling3 that required 
incorporation of the benefits of CO2 emissions reductions in every regulatory impact analysis, 
federal agencies began using a variety of methodologies for determining a dollar value for the 
SCC.  In an effort to standardize SCC estimates across the federal government, in 2009 the 
Obama Administration assembled the Interagency Working Group on the Social Cost of Carbon 
(IWG) of technical experts from across the government to develop a single set of estimates.4  
Interim values for the SCC from the IWG were first used in a regulatory impact analysis for an 
August 2009 Department of Energy energy efficiency standard for beverage vending machines 
(74 Federal Register 44914).  The SCC has since been used in dozens of regulatory actions (U.S. 
Government Accountability Office, 2014, App. I). For example, the March 2010 Energy 
Conservation Program: Energy Conservation Standards for Small Electric Motors Final Rule5) 
used the SCC to monetize its global climate impacts. 

                                                 
1In this report, we present all values of the SCC as the cost per metric ton of CO2 emissions. 
2Here, and throughout this report, “damage” is taken to represent the net effects of both negative and positive 

economic outcomes of climate change. 
3Center for Biological Diversity v. National Highway Traffic Safety Administration, U.S. Court of Appeals, 

Ninth Circuit, 538 F.3d 1172 (9th Cir. 2008). 
4The IWG, which  operates under the U.S. Global Change Committee, is cochaired by the Council of Economic 

Advisors and the Office of Management and Budget; the other members are the Council of Economic Advisors, the 
Council on Environmental Quality, the Domestic Policy Council, the Department of Agriculture, the Department of 
Commerce, the Department of Energy, the Department of Transportation, the Environmental Protection Agency, the 
National Economic Council,  the Office of Science and Technology Policy, and the Department of the Treasury.   

5EERE–2007–BT–STD–0007, 75 Federal Register 10873. 
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Following the establishment of interim values for the SCC, the IWG undertook a more 
in-depth process that produced a February 2010 Technical Support Document with a more fully 
developed methodology and a resulting set of four SCC estimates for use by government 
agencies. The estimates were developed employing the three most widely cited integrated 
assessment models (IAMs) that are capable of estimating the SCC, which this report refers to as 
“SCC-IAMs.”  Although the three SCC-IAMs were not developed solely to estimate the SCC, 
they are among the very few models that calculate net economic damages from CO2 emissions. 
Since there are many IAMs in use in the climate change research community for multiple 
purposes, this report refers to these three models specifically as SCC-IAMs.6 

The IWG retained the SCC-IAMs developers’ default assumptions for the parameters and 
functional forms in the models, with the exception of two key inputs, and also harmonized the 
approaches to discounting the results in future time periods across the models. The two 
exceptions are that the IWG used a single probability distribution for the equilibrium climate 
sensitivity (ECS)7 parameter for all models, as well as a common set of five future 
socioeconomic and emissions scenarios. In addition, three constant discount rates were used for 
each SCC-IAM.  The analysis resulted in 45 sets of estimates (three IAMs, five socioeconomic-
emissions scenarios, one ECS distribution, and three discount rates) for the SCC for a given year, 
with each set being comprised of 10,000 estimates drawn on the basis of the uncertain variables 
in the models.  The IWG summarized the results into an average value for each discount rate, 
plus a fourth value, selected at the 95th percentile for a 3 percent discount rate, intended to 
represent higher-than-expected impacts from temperature change farther out in the tail of the 
SCC estimates. 

 
Motivation for the Study 

 
There are significant challenges to estimating a dollar value that reflects all the physical, 

human, ecological, and economic impacts of climate change. Recognizing that the models and 
scientific data underlying the SCC estimates evolve and improve over time, the federal 
government made a commitment to provide regular updates to the estimates. For example, the 
IWG updated SCC estimates in May 2013 to take into account a variety of model-specific 
updates in each of the three SCC-IAMs.8  

The IWG requested this National Academies of Sciences, Engineering, and Medicine 
study to assist future revisions of the SCC in two important ways. First, it requested that this 
study provide government agencies that are part of the IWG with an assessment of the merits and 
challenges of a limited near-term update to the SCC. Specifically, it requested that the committee 
consider whether there is sufficient benefit to conducting a limited near-term update to the SCC 

                                                 
6There are many types of IAMs, which vary significantly in structure, resolution, computational algorithm, and 

application. In comparison with most other IAMs, the three SCC-IAMs used by the IWG, DICE (Dynamic 
Integrated Climate-Economy Model), FUND (Framework for Uncertainty, Negotiation and Distribution), and PAGE 
(Policy Analysis of the Greenhouse Effect), are specialized in their focus on modeling aggregate global climate 
damages and their highly aggregated economic and energy system representations, rather than being focused on 
potential economic, energy and land system development and transformation. We note, however, that these models 
were not designed solely to estimate the SCC. 

7ECS measures the long-term response of global mean temperature to a fixed forcing, conventionally taken as 
an instantaneous doubling of CO2 concentrations from their preindustrial levels; see Chapter 3. 

8In November 2013 and July 2015, the IWG also revised the estimates slightly to account for minor technical 
corrections. 
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in light of ECS updates in the Fifth Assessment Report (AR5) of Working Group 1 of the 
Intergovernmental Panel on Climate Change (IPCC); whether a different distributional form 
should be used for the ECS; and whether the IWG should adopt changes in its approaches for 
enhancing the qualitative characterization of limitations and uncertainties in SCC estimates to 
increase their transparency for use in regulatory impact analyses. 

Second, the IWG requested that the committee consider the merits and challenges of a 
comprehensive update of the SCC to ensure that the estimates reflect the best available science. 
Specifically, it requested that the committee review the available science to determine its 
applicability for the choice of IAMs and damage functions and examine issues related to climate 
science modeling assumptions; socioeconomic and emissions scenarios; the presentation of 
uncertainty; and discounting.   The full statement of task is in Box 1-1. 

Accordingly, the committee will recommend approaches that warrant consideration in 
future updates of the SCC estimates, as well as recommendations for research to advance the 
science in areas that are particularly useful for estimating the SCC.   The committee will examine 
the merits and challenges of potential approaches for both a near-term limited update and longer-
term comprehensive updates to ensure that the SCC estimates reflect the best available science 
and methods.  As such, the study will be conducted in two phases and will result in two reports.  
This interim report focuses on near-term updates to the SCC estimates, Phase 1 of the study, and 
is narrowly scoped so that a consensus report could be produced in the short time line required 
(within 6 months).  Phase 2 allows for broader consideration of the SCC. 

 
BOX 1-1 

Statement of Task 
 

An ad hoc multi-disciplinary committee will be appointed to inform future revisions to 
estimates of the social cost of carbon (SCC) developed and used by the federal 
government.   The committee will examine the merits and challenges of potential approaches for 
both a near-term limited update and longer-term comprehensive updates to ensure that the SCC 
estimates continue to reflect the best available science and methods.   The study will be 
conducted in two phases and will result in two reports.  

 
Phase 1. 

 
 In phase 1, the committee will assess the technical merits and challenges of a narrowly 

focused update to the SCC estimates and make a recommendation on whether to conduct an 
update of the SCC estimates prior to recommendations related to a more comprehensive update 
based on its review of the science related to the topics covered in the second phase. Specifically, 
the committee will consider whether an update is warranted based on the following:  

 
1. Updating the probability distribution for the ECS to reflect the recent IPCC 

consensus statement in the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change (IPCC), rather than the current calibration used in the SCC estimates, which were based 
on the most authoritative scientific consensus statement available at the time (the 2007 Fourth 
IPCC Assessment).  

2. Recalibrating the distributional forms for the ECS by methods other than the 
currently-used Roe and Baker (2007) distribution.   

3. Enhancing the qualitative characterization of uncertainties associated with the 
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current SCC estimates in the short-term to increase the transparency associated with using these 
estimate in regulatory impact analyses.  Noting that as part of a potential comprehensive update 
Part 2 of the charge requests information regarding the opportunity for a more comprehensive, 
and possibly more formal or quantitative, treatment of uncertainty. 

 
The phase 1 report will be an interim letter report to be completed in 6 months. 
 

Phase 2. 
 

In phase 2, which represents the bulk of the statement of task, the committee will 
examine potential approaches, along with their relative merits and challenges, for a more 
comprehensive update to the SCC estimates to ensure the estimates continue to reflect the best 
available science. The Committee will be asked to consider issues related to:  

1. an assessment of the available science and how it would impact the choice of 
integrated assessment models and damage functions;  

2. climate science modeling assumptions;  
3. socio-economic and emissions scenarios;  
4. presentation of uncertainty; and  
5. discounting.  
 
Within these areas, the committee will make recommendations on potential approaches 

that warrant consideration in future updates of the SCC estimates, as well as research 
recommendations based on their review that would advance the science in areas that are 
particularly useful for estimating the SCC. 

   
Strategy to Address the Study Charge 

 
This study was carried out by a committee of experts appointed by the president of the 

Academies. The committee consists of 13 members, with the assistance of a technical consultant 
and study staff. Committee expertise spans the issues relevant to the study task: environmental 
economics, climate science, energy economics, integrated assessment modeling, decision 
science, climate impacts, statistical modeling, and public policy and regulation.  In composing 
the committee, care was taken to ensure that the membership possessed the necessary balance 
between research and practice by including academic scientists and other professionals, that 
members have the relevant disciplinary expertise, and to ensure there are no current connections 
that might constitute a conflict of interest with the Department of Energy, the Environmental 
Protection Agency, or other regulatory agency member of the IWG.  The committee cochairs are 
experts in the fields of environmental and energy economics with demonstrated leadership 
capabilities.  Biographical sketches of the committee members and staff are provided in 
Appendix A. 

To address the Phase 1 task, the committee held one open meeting to receive information 
from federal agency staff to understand and explore its study charge:  see Appendix B for the 
agenda. Closed sessions at the initial meeting and two subsequent meetings were held to refine 
and finalize the committee’s findings and recommendations. The main body of the report 
addresses the Phase 1 charge questions. 
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CRITERIA AND CHALLENGES FOR A NEAR-TERM UPDATE 
 
The committee considered a number of criteria for evaluating the merits and challenges 

of a near-term update to ECS assumptions within the framework for estimating the SCC. A 
“near-term update” was understood by the committee to be actions that government staff could 
undertake in less than 1 year. Specifically, the committee considered five main issues:   

 
1. Accuracy and characterization of uncertainty of climate system modeling. If the 

ECS is updated within the existing SCC modeling framework to reflect the current 
scientific consensus as represented by the AR5, will it necessarily improve the 
representation of the response of temperature change to emissions, relative to more 
complete, state-of-the-art models of the climate system? Both the accuracy and 
characterization of uncertainty of the emissions-temperature relationship over time 
are important aspects of that representation. 

2. Overall SCC reliability. Would a near-term improvement to the representation of 
ECS be likely to substantially improve the overall SCC estimate, given other 
elements of the IWG SCC framework that may also warrant improvement?  

3. Alternative options for climate system representation. Are there near- to mid-term 
options—in addition to simply adjusting the ECS within the current framework—for 
altering the representation of the emission-temperature response in the SCC 
framework? Would these options enhance the ability of the IWG to undertake future 
updates in a manner that is well connected to developments in the climate science 
community?  

4. Opportunity cost of near-term efforts in terms of potential longer-term 
improvements. Would the value of any near-term update, in terms of improvement in 
the SCC, justify the opportunity costs of engaging in the effort, rather than focusing 
instead on longer-term improvements to the SCC? Would such a change, if 
implemented, be likely to have a substantial effect on the SCC, thereby potentially 
warranting the near-term investment of resources related to the development of 
revised SCC estimates?  

5. Consistency of Phase 1 with possible Phase 2 conclusions and recommendations. 
Would any actions taken in response to Phase 1 recommendations likely be consistent 
with actions taken in response to possible Phase 2 recommendations?  

 
The committee also considered specific technical details in their analysis as described in later 
chapters. 
 

STRUCTURE OF THE REPORT 
 
The rest of report covers the topics addressed in Phase 1. Chapter 2 describes how the 

IWG constructed the SCC estimates and is intended to be accessible to all readers. Chapters 3 
and 4 present the technical details that underlie the committee’s conclusions and 
recommendations.  Chapter 3 describes the role of the ECS in determining temperature changes 
and discusses several additional relevant climate metrics that reflect the state of the climate 
literature. Chapter 4 highlights differences in the way the SCC-IAMs represent the climate 
system.  Chapter 5 then summarizes the conclusions from the previous chapters and provides 
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recommendations for whether a limited, short-term update to the ECS distribution is warranted 
and on how the qualitative characterization of uncertainty can be improved.   

Consideration of broader updates to the SCC—including economic damages and damage 
functions, socioeconomic scenarios, and discounting—are not addressed in this report. These 
topics will be addressed in Phase 2 of the study, along with further assessment of climate system 
modeling the treatment of uncertainty (see Box 1-1, above).
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Each model takes as inputs a projection of human population growth and of global or 
regional income, as well as emissions paths of global greenhouse gases.10 A simple climate 
model component of each SCC-IAM translates the reference emissions trajectory into a reference 
global mean temperature trajectory and a reference trajectory of global mean sea level rise. In 
two of the models, regional average temperature trajectories are also derived from global mean 
temperature. Each model then uses one or multiple damage functions to translate temperature 
and sea level rise into economic damages or benefits.  In the IWG analysis, global damages in 
FUND (Climate Framework for Uncertainty, Negotiation and Distribution) and PAGE (Policy 
Analysis of the Greenhouse Effect) are an equally weighted sum of regional damages (i.e., no 
equity weighting) (Interagency Working Group on the Social Cost of Carbon, 2010, p 11).   

In order to derive an SCC estimate, the impact of a CO2 emissions pulse is calculated 
following the same causal chain: the CO2 pulse is introduced in a particular year, creating a 
trajectory of temperature (global and regional), sea level rise, and climate damages. The 
difference between this damage trajectory (the dotted line in Figure 2-1, above) and the reference 
trajectory (the solid line) in each year is discounted to the present using annual discounting (a 
constant annual discount rate in the IWG application). The resulting value is an SCC estimate for 
the given set of assumptions used in the reference and perturbed scenarios.  

There are several steps in the causal chain for each SCC-IAM that are worth highlighting 
because they are different across models and have notable implications for the ultimate 
calculation of an SCC estimate.  We discuss these differences in more detail below, but flag them 
here:  

 
 the socioeconomic projections can vary in terms of their spatial resolution and time 

path;  
 the reference and perturbed temperature trajectories depend on the way in which the 

climate system is modeled within each SCC-IAM; and  
 there are significant observed differences in the global climate responses across SCC-

IAMs and the regional temperatures derived by downscaling (i.e., by establishing 
geographically fine-scale information from changes in aggregate climate conditions). 

 
Chapter 4 explores the relevant aspects of the climate systems of the SCC-IAMs in greater 
technical detail.  

Another aspect in which the SCC-IAMs differ is in the handling of damages. The models 
differ in the spatial and sectoral resolution of damages, and they differ in which sectors are the 
most important sources of climate damages. For two of the models (DICE, Dynamic Integrated 
Climate-Economy Model, and PAGE) damages are functions of only temperature and income, 
while for the other (FUND) they are also functions of the rate of temperature increase, CO2 
concentrations, per capita income, population, and other drivers.  

Overall, each SCC-IAM follows roughly the same causal chain in terms of the sequence 
of modeling information flow, yet differ in the model translations at each step.   The IWG uses 
the following versions of three IAMs (IWG 2013, 2015): 

 
                                                 

10As designed, each of the three SCC-IAMs derives emissions from socioeconomic projections. However, 
in the IWG application of those models, socioeconomic and emissions projections were taken from an external 
source for two of the models, while the third derived its own fossil fuel combustion and industry CO2 emissions. 
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 the 2010 version of the Dynamic Integrated model of Climate and the Economy 
(DICE) by William Nordhaus; 

 version 3.8 of the Climate Framework for Uncertainty, Negotiation and Distribution 
(FUND) by David Anthoff; and  

 the 2009 version of the Policy Analysis of the Greenhouse Effect (PAGE) model by 
Chris Hope. 

 
We note, however, that the IWG model version may be different from the modeler’s original or 
most recent versions.  

As mentioned above, the three models differ in the details of their implementation. Table 
2-1 provides a broad summary of their dimensions:  for a more comprehensive comparison of 
those differences, which are important. Specific differences in socioeconomic and emissions 
modeling are described below, and, in Chapter 4, we discuss climate system modeling.  

 
TABLE 2-1 SCC-IAM Coarse Feature Comparison  

  
DICE 2010 FUND v3.8 PAGE 09 

Regions  1 region 16 regions 8 regions 
Damage 
Sectors  2 sectors 14 sectors 4 sectors 

Regional 
Temperature 
Downscaling 

No Yes Yes 

Damage 
Drivers 

Temperature  (level), 
income (total) 

Temperature (level and growth), CO2

concentration, income (total and per 
capita), population size/composition, 
othera 

Temperature (level), 
income (total and per 
capita) 

Sea Level Rise 
(SLR) Damage 
Specification 

Quadratic function of 
global sea level rise 
 
(i.e., Damage = αSLR2) 

Additive functions for coastal 
protection costs, dryland loss, and 
wetland loss, based on an internal 
cost-benefit rule for optimal 
adaptation 

Power function of 
global sea level rise 
 
(i.e., Damage = αSLR0.7) 

Damage 
Specification 
(Excluding Sea 
Level Rise) 

Quadratic function of 
global temperature 
 
(i.e., Damage = αT2) 

Uniquely formulated by sector 

Power function of 
regional temperature 
 
(i.e., Damage = αT1.76) 

Model-Specific 
Parametric 
Uncertainties 

None Yes (in climate and damage modeling) Yes (in climate and 
damage modeling) 

“Catastrophic” 
or 
“Discontinuity” 
Damages 
Included 

Yes (as expected 
damages) No 

Yes (as uncertain 
threshold) 

 
a“Other” includes: dryland value, wetland value, topography (elevation, coast length), protection cost, ocean 

temperature, and technological change. 

SOURCE:  Developed from Rose et al. (2014). Reprinted with permission. 
 
 

  



Copyright © National Academy of Sciences. All rights reserved.

Assessment of Approaches to Updating the Social Cost of Carbon:  Phase 1 Report on a Near-Term Update

 
 

12 
Prepublication copy, uncorrected proofs 

As can be seen in the table above, there are several high-level structural differences 
among the SCC-IAMs. DICE is global (i.e., has only 1 region), while FUND and PAGE split the 
world into 16 and 8 regions, respectively. Each SCC-IAM covers multiple damage sectors, but 
only FUND disaggregates economic sectors in any detail. Since DICE is a global model, only 
FUND and PAGE downscale regional temperatures (with different methods).   

The models also differ in the specific drivers of climate damages and their functional 
specification. DICE and PAGE use power functions—that is, a quadratic or other polynomial 
function of temperature or sea level rise—for each of the represented sectors. FUND, on the 
other hand, disaggregates damage functions into a more detailed set of sectors. In addition, 
FUND and PAGE both consider model-specific climate and damage parametric uncertainty—
that is, each of those models allows for certain parameters to be drawn from probability 
distributions. Thus, FUND and PAGE reflect some uncertainty in their specifications; however, 
those characterizations and their implications vary between the two models (see Rose et al., 
2014).  

 
METHODOLOGY 

 
The IWG methodology for constructing the official U.S. SCC estimates is discussed in 

detail in the IWG technical support documents (Interagency Working Group on the Social Cost 
of Carbon, 2010, 2013, 2015). The methodology results in 150,000 estimates of the SCC for each 
year and discount rate, yielding a frequency distribution of SCC results:  see Figure 2-2.  
Percentiles and summary statistics of these estimates, also shown in Figure 2-2, are presented in 
the IWG technical support documents.11   

In order to arrive at the 150,000 estimates for each discount rate, each of the three models 
was run 10,000 times with random draws from the equilibrium climate sensitivity (ECS) 
probability distribution (and other model-specific uncertain parameters), for each of the five 
socioeconomic scenarios (150,000 estimates = three models x five socioeconomic scenarios x 
10,000 runs), for each of three discount rates (2.5 percent, 3 percent, and 5 percent).12  Frequency 
distributions of results for 2020 estimates were summarized for each model, socioeconomic 
scenario, and discount rate.  

To facilitate the use of the SCC in regulatory analysis, the values of the SCC are 
averaged across the three SCC-IAMs and the five emissions scenarios, implicitly defining a 
frequency distribution of SCC values conditional on each discount rate. In averaging the results 
across models and emissions scenarios, all models and all emissions scenarios are given equal 
weight. Figure 2-2 is an example of the resulting frequency distribution for 2020 SCC estimates 
as reported in the IWG’s 2015 technical support documents.13  The average value of the SCC is 
shown for each discount rate, using a vertical line, as is the 95th percentile of the frequency 
distribution of SCC results for the case of a 3 percent discount rate. The larger SCC estimates in 

                                                 
11The full set of estimates is available on request from the IWG. 
12In terms of standardized uncertainties across all three models, five reference socioeconomic and emissions 

scenarios projected until 2300 were used, as well as one common probability distribution for the ECS parameter—
the equilibrium temperature change that results from a doubling of CO2 relative to preindustrial levels. For FUND 
and PAGE, the IWG methodology included model specific parametric uncertainties for both the climate and damage 
components. 

13Summary statistics of the distribution of results for each model, conditional on discount rate and 
socioeconomic scenario are reported in an appendix of the IWG’s technical support document (Interagency Working 
Group on the Social Cost of Carbon, 2010, App.).  
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3 

Determining Temperature Changes in Response to CO2 Emissions  
 

 
 
 
This chapter introduces the technical details that underlie the committee’s conclusions 

and recommendations. The role of the equilibrium climate sensitivity (ECS) in determining 
temperature changes is described. Several additional relevant climate metrics that reflect the state 
of the literature are discussed. 

The first question in the committee’s charge is to consider the merits and challenges 
associated with a near-term revision of the distribution of the ECS.  A broad perspective on the 
relationship between emissions (a key input to the physical climate/carbon cycle model in the 
social cost of carbon integrated assessment models [SCC-IAMs]) and global mean temperature 
(the output) is considered in this chapter. Four metrics are of particular importance to the 
discussion: ECS, transient climate response (TCR), transient climate response to emissions 
(TCRE), and the initial pulse-adjustment time (IPT): see Box 3-1.  In comparison with other 
metrics used to summarize the relationship between emissions and temperature change, 
researchers have noted that the ECS is not necessarily the most relevant physical parameter over 
the nearer-term timeframes particularly important to determining the social cost of carbon (SCC) 
(e.g., Otto et al., 2013b). 



Copyright © National Academy of Sciences. All rights reserved.

Assessment of Approaches to Updating the Social Cost of Carbon:  Phase 1 Report on a Near-Term Update

 
 

18 
Prepublication copy, uncorrected proofs 

BOX 3-1 
Timescales and Key Metrics for Relating CO2 Emissions to Temperature Change 

 
The response of global mean temperature to climate forcing can be characterized 

by a number of different metrics, which represent different timescales.  
 

Equilibrium climate sensitivity (ECS) measures the long-term response of 
global mean temperature to a fixed forcing, conventionally taken as an instantaneous 
doubling of CO2 concentrations from their preindustrial levels. The “long-term” 
timeframe is set by the time it takes for the ocean as a whole to equilibrate with the 
change in forcing, typically on the order of many centuries to a couple of millennia. ECS 
is a measure of long-term planetary response, but it is not comprehensive. It includes the 
effects of atmospheric and ocean processes involving clouds, water vapor, snow, and sea 
ice. It does not, however, include other, mostly slower processes, that have not, at least 
until recently, been represented in coupled global climate models, such as those involving 
vegetation, land ice, or changes in the carbon cycle: see Figure 3-1. 

Transient climate response (TCR) measures the transient response of global 
mean temperature to a gradually increasing forcing.  The timeframe on which TCR is 
measured allows the shallow “mixed layer” of the ocean to approach equilibrium with the 
changed forcing, but it does not allow equilibration of the deep ocean. In models, TCR is 
assessed by increasing CO2 concentrations at 1 percent per year until CO2 concentrations 
double in year 70; TCR is the average temperature over the two decades around the time 
of doubling (years 61-80).  

Transient climate response to emissions (TCRE) measures, on a similar 
timescale as TCR, the ratio of warming to cumulative CO2 emissions. While the TCRE 
has become a widely used metric over the past decade, it has a shorter history in the 
scholarly literature than ECS or TCR, and thus the methods for assessing it are less 
established. In models, one way of assessing TCRE is from experiments similar to the 1 
percent per year increase used to assess TCR, but using emissions rather than a 
prescribed change in concentrations to drive the experiment (see, e.g., Gillett et al., 
2013). The TCRE is then estimated as the ratio of the TCR to the cumulative CO2 
emissions at the time of CO2 doubling. 

The initial pulse-adjustment timescale (IPT) has only recently been a focus of 
research and does not have a standard name or definition in the research community, but 
it may be of considerable importance for estimates of the SCC, which are driven by the 
injection of a pulse emission of CO2. The IPT measures the initial adjustment timescale 
of the temperature response to a pulse emission of CO2 (see. e.g., Joos et al., 2013; Ricke 
and Caldeira, 2014; Herrington and Zickfeld, 2014; Zickfeld and Herrington, 2015). For 
example, Joos et al. (2013) assessed the IPT by adding a 100 gigaton(Gt) carbon pulse to 
baseline emissions that stabilized CO2 concentrations at a reference level of 389 ppm; the 
IPT from such an experiment is the time at which peak warming occurs in response to the 
pulse. 
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important is the TCR relative to the ECS, since the TCR is a much better predictor of climate 
response on time scales of less than a century. In Chapter 4, the committee outlines tests that 
could be applied to the simple climate models used to generate the SCC to determine whether the 
central projections of these models agree with those of the class of Earth system models used by 
the Intergovernmental Panel on Climate Change (IPCC).14 

  
EQUILIBRIUM CLIMATE SENSITIVITY AND TRANSIENT CLIMATE 

RESPONSE 
 
The concepts of ECS and TCR arise, in their simplest form, from the conservation of 

energy. In equilibrium, the incoming solar radiation absorbed by Earth balances the outgoing 
longwave infrared radiation emitted by the planet to space. If either the absorbed solar radiation 
or the outgoing longwave radiation is perturbed from an equilibrium state, the heat content of the 
climate system will change at a rate set by the magnitude of the imbalance. The absorbed solar 
radiation is controlled by the amount of incoming solar radiation and by the Earth’s albedo, 
which is the fraction of the incoming solar radiation reflected away by the atmosphere or the 
surface. The amount of outgoing longwave radiation is set primarily by the planet’s radiative 
temperature – the temperature of the atmospheric level from which, on average, infrared 
radiation can be emitted through the “haze” of infrared-absorbing greenhouse gases and clouds 
to space. Because the radiative temperature increases as the climate system absorbs heat (thereby 
increasing outgoing longwave radiation) and declines as the climate system loses heat (thereby 
decreasing outgoing longwave radiation), the imbalance, and thus the rate of temperature change 
in response to a perturbation, declines over time until a new equilibrium is reached.   

A climate forcing (measured in W/m2 [watt per square meter]) refers to a decrease in net 
outgoing energy, relative to some initial state in which the planet was in equilibrium, driven by 
an exogenous factor, such as a change in greenhouse gas or aerosol concentrations. The change 
in temperature caused by a forcing triggers climate feedbacks: additional changes in the planet’s 
albedo or emissivity that amplify or dampen the energy imbalance and thus cause additional 
changes in temperatures. Feedbacks involving greenhouse gases and clouds affect emissivity; 
those involving aerosols, clouds, and land surface characteristics affect albedo. For example, 
water vapor, which increases in concentration with temperature and thereby decreases 
emissivity, gives rise to one important amplifying feedback; sea ice, which decreases in surface 
area with temperature and thereby increases albedo, giving rise to another (amplifying) feedback. 

To a good approximation, the equilibrium change in global mean temperature is 
proportional to the forcing applied. This magnitude is captured by ECS. However, the 
equilibrium response to a forcing may take centuries to be realized. Within the context of SCC 
estimates, it is therefore necessary to understand the transient response both to the range of 
human-caused forcings and to a pulse of CO2, the marginal impact of which the SCC estimates. 
One common metric of the transient response is the TCR, which is defined as the global mean 
surface temperature change at the time of CO2 doubling for a benchmark forcing scenario, 
specifically, an increase in CO2 concentrations at a rate of 1 percent per year:  see Figure 3-2. 
Under such a scenario, the time of CO2 doubling occurs at year 70, and the TCR estimate is 
generally estimated by averaging global mean surface temperature over years 61-80. Just as ECS 
is a general measure of the equilibrium response to any indefinitely sustained radiative forcing, 

                                                 
14For formal definitions of IPCC-class Earth system models, see Randall et al., (2007). 
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equilibrated with the applied forcing at the time TCR is assessed, but the deep ocean can be far 
from equilibrium. These two timescales can be adequately represented in a “two-box” simple 
climate model that distinguishes between the surface and the deep ocean (see, e.g., Gregory, 
2000; Held et al., 2010). 

The magnitude of ECS is uncertain due to a number of factors. First, the historical 
forcing, particularly the historical aerosol forcing, is uncertain (Myhre, 2013). Second, as noted, 
warming lags any radiative forcing, with the strong response implied by a high ECS that takes 
longer to realize than a weaker response associated with a low ECS. This lag makes it more 
challenging to distinguish values of ECS observationally. Third, the rate and magnitude of the 
heat flux from the mixed layer into the deep ocean are uncertain: accordingly, the same transient 
response can be produced either with a low ECS and faster ocean mixing, or a higher ECS and 
slower ocean mixing.  

A fourth challenge has been identified in recent years, state-dependent feedbacks. Earth’s 
outgoing longwave radiation depends not only on the average radiative temperature, but also on 
the spatial pattern of temperature, which changes as the planet warms. Accordingly, the rate of 
energy loss to space also depends on how far the system is from equilibrium (Held et al., 2010). 
As one example, cloud feedbacks can exhibit state dependence that is represented in atmosphere-
ocean global circulation models and Earth system models but not in the simple climate models 
that specify a fixed ECS value.15  State-dependent feedbacks can also be related to long-term 
changes in ocean circulations, land-surface conditions, ocean carbon uptake, and the cryosphere.  

This state dependence gives rise to an effective climate sensitivity—not ECS, equilibrium 
climate sensitivity—that is constrained by observations of the recent energy budget constraint. 
Winton et al. (2010) found that, in 17 of the 22 global climate models participating in phase three 
of the Coupled Model Intercomparison Project Phase 3 (CMIP3),16 the effective climate 
sensitivity at the time of CO2 doubling was less than ECS. Estimates of ECS based on recent 
climate observations are actually estimates of effective climate sensitivity and may therefore 
significantly underestimate the true equilibrium response. Unfortunately, there are no clear 
observational constraints on the relationship between effective and equilibrium climate 
sensitivity, but this distinction does explain why different approaches to estimating ECS can 
provide very different ranges (depending on whether or not they assume, implicitly, a specific 
relationship between the two sensitivity parameters). Although paleoclimatic observations can 
provide additional constraints on ECS, they are hampered by uncertainties in past forcing and 
climate data.   

Because of these four challenges and the associated uncertainties, the uncertainty in ECS 
is quite large, with a positively-skewed tail of possible high values. A major source of this 
uncertainty can be seen from the simple treatment of Roe and Baker (2007), whose analysis gave 
rise to the form of the probability distribution for ECS currently used in the U.S. government’s 
SCC analysis:  see Figure 3-3. In the absence of any climate feedbacks other than the ‘Planck 
feedback’ (by which changes in surface temperature stabilize radiative temperature), ECS would 
be about 1.2°C (e.g., Hansen et al., 1981). However, other feedbacks come into play. Using f to 
indicate the total magnitude of these feedbacks on temperature change and ECS0 the value of 

                                                 
15For formal definitions of atmospheric-ocean global circulation models, see Randall et al., (2007).  
16Coupled Model Intercomparison Project provides a standard experimental protocol for IPCC-class global 

circulation models, and provides community-based support for climate model diagnosis, validation, 
intercomparison, documentation, and data access. 
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of land and ocean carbon cycle feedbacks in giving rise to CO2 warming processes operate over 
millennia.  
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BOX 3-2  
IPCC Estimates of ECS and TCR   

 
The IPCC AR4 concluded:  

 
[on the basis of] observed climate change and the strength of known feedbacks 
simulated in GCMs [global circulation models] … that the global mean 
equilibrium warming for doubling CO2, or ‘equilibrium climate sensitivity’, is 
likely to lie in the range 2°C to 4.5°C, with a most likely value of about 3°C. 
Equilibrium climate sensitivity is very likely larger than 1.5°C.  

 
Following the standard interpretation of IPCC likelihood statements (see Table 3-

1), the Interagency Working Group on the Social Cost of Carbon (IWG) (Interagency 
Working Group on the Social Cost of Carbon, 2010) calibrated a Roe and Baker (2007) 
distribution such that there was a 67 percent probability of a value between 2°C and 
4.5°C. Although the IPCC does not detail a specific interpretation for the phrase “most 
likely,” the IWG interpreted it as indicating the median of the calibrated distribution. 

The IPCC AR5 revised this assessment of ECS:  
 
ECS is likely in the range 1.5°C to 4.5°C with high confidence. ECS is positive, 
extremely unlikely less than 1°C (high confidence), and very unlikely greater than 
6°C (medium confidence).  
 
Two changes between AR4 and AR5 are noteworthy. First, AR5 provided no 

“most likely” value. Second, AR5 reduced the lower bound of the likely range to 1.5 ºC, 
which was also the value used in the first, second, and third assessment reports, largely in 
response to a set of studies based on comparisons of climate observations, extended into 
the most recent decades, with simple climate models. Subsequent work (Andrews et al., 
2012; ; Gregory et al., 2015; Knutti et al., 2015)   has noted that many of these 
approaches neglected the difference between effective climate sensitivity and ECS, and 
so these values may underestimate ECS. 

Regarding TCR, whereas AR4 concluded that TCR was “very likely above 1°C” 
and “very likely below 3°C” (i.e., an 80% probability of being between 1°C and 3°C),^ 
the AR5 concluded:   

 
with high confidence that the TCR is likely in the range 1°C to 2.5°C, close to the 
estimated 5 to 95% range of CMIP5 [Coupled Model Intercomparison Project 
Phase 5] (1.2°C to 2.4°C), is positive and extremely unlikely greater than 3°C.  
 
The AR5 thus reduced the probability of TCR values greater than 3°C from 10 

percent to 5 percent. The estimate was based on the good agreement between the range of 
estimates from observationally constrained simple climate models and the Coupled 
Model Intercomparison Project Phase 5 range. One major driver of this change in 
observational estimates was the downward revision of the negative aerosol forcing. This 
revision reduced the probability that the historically observed warming was a response to 
a very low total forcing, which thereby reduced the probability of a correspondingly high 
TCR. 
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The consensus on TCR appears to have been maintained since the publication of 
the AR5: for example, despite being critical of the IPCC’s estimates of ECS, Lewis and 
Curry (2014) arrive at a 5-95 percent confidence interval for TCR of 0.9-2.5°C, almost 
identical to the IPCC AR5 “likely” range. (IPCC statements on indirectly observable 
quantities are typically given at one level lower confidence than the formal evidence 
suggests, to account for unknown structural uncertainties). The only dissent is from 
Shindell (2014), who argues that TCR estimates based on recent observations may have 
been biased low by the assumption that spatially homogenous and inhomogenous 
forcings have identical efficacy. The attribution approach of Gillett et al. (2013), 
however, does not make this assumption of equal efficacies, and it arrives at a 5-95 
percent range for TCR of 0.9-2.3°C. In contrast to TCR, ECS remains much more 
contested.   

In summary, the change in the ECS distribution between AR4 and AR5 is small 
relative to the remaining uncertainties in this and other parameters that determine the 
SCC.  This change arose primarily from assumptions about the multicentury adjustment 
of the climate system to a constant forcing that remain contested in the literature since the 
AR5. Neglected processes primarily affect the upper bound on ECS, continuing to 
support a positively-skewed distributional form for this parameter such as that used by 
Roe and Baker (2007). The AR4 did not give a likely range for TCR that is directly 
comparable to that in the AR5, but the AR5 did reduce the probability of TCR values 
greater than 3°C from 10 to 5 percent, reflecting greater confidence and consensus on the 
upper bound for this parameter. 

 
TABLE 3-1 AR5: Likelihood Scale  
 

Term* Likelihood of the 
Outcome

Virtually certain 99-100% probability
Very likely 90-100% probability
Likely 66-100% probability
About as likely as not 33 to 66% probability
Unlikely 0-33% probability
Very unlikely 0-10% probability
Exceptionally unlikely 0-1% probability

 
*Additional terms that were used in limited circumstances in the AR4 (extremely likely – 
95-100% probability, more likely that not - >50-100% probability, and extremely unlikely 
– 0-5% probability) may also be used in the AR5 when appropriate. 
SOURCE:    Mastrandrea et al. (2010, Table 1). Reprinted with permission from 
Macmillan Publishers Ltd. 
 

^The terms “most likely value,” “likely,” “very likely,” and “zero probability” are the keys to 
translating the uncertainty information into probability distributions representing the IPCC assessments:  
see Table 3-1 for more details. 
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about 20 percent, is removed within first 5 years by the land biosphere and by the ocean, so that 
about 80 percent is still airborne:  see Figure 3-4. After 20 years, about 40 percent of the emitted 
ton has been thus taken up, and about 60 percent is still airborne; after 100 years, about 60 
percent has been removed from the atmosphere and about 40% is still airborne. Over the course 
of the following centuries, the oceans become the major repository of the added carbon. 

There are two major bottlenecks in the ocean uptake of CO2. The first is across the air-sea 
interface: the CO2 partial pressure in the surface oceans, i.e., the pressure pushing CO2 back into 
the atmosphere, increases with carbon uptake and the accompanying decrease in pH.  The second 
is below the mixed layer, where carbon is mixed into the deeper ocean on multicentennial 
timescales.  Yet even on multicentennial timescales, the carbonate chemistry and the ocean 
volume dictate that oceans cannot absorb 100 percent of the added carbon, and about 20 percent 
will remain in the atmosphere after a millennium (Broecker et al., 1979). The ultimate carbon 
sink occurs through weathering reactions and sedimentation on the ocean floor, which takes 
place on time scales of hundreds of thousands of years (Archer et al., 2009; Ciais et al., 2013).  

The effect of climate change on the carbon cycle gives rise to an amplifying feedback 
between atmospheric CO2 and temperature. Warming accelerates decomposition on land faster 
than CO2 fertilization increases the rate of photosynthesis, weakening the land-carbon sink 
(Friedlingstein et al., 2006). Warming also further stratifies the oceans, slowing the penetration 
of heat and carbon to the deep ocean.  The decreasing pH and the warmer temperatures 
(decreasing solubility) also shift the equilibrium of the carbonic acid/bicarbonate buffer and 
reduce the ocean absorption of CO2 from the atmosphere (Archer and Brokin, 2008).  

The weakening of the land and ocean carbon sinks as a result of warming increases the 
atmospheric residence time of CO2 (Jones et al., 2013), giving rise to a convex relationship 
between cumulative carbon emissions and atmospheric CO2 concentrations. When the convex 
relationship between emissions and concentrations is combined with the concave relationship 
between concentrations and forcing, the result is a coincidental cancellation that results in a 
nearly linear relationship between cumulative CO2 emissions and radiative forcing.  

The global mean surface temperature also responds approximately linearly to a 
continually increasing effective radiative forcing (Flato et al., 2013). Hence, provided the forcing 
is increasing slowly relative to the response time of the ocean mixed layer (Held et al., 2010), 
there is a linear relationship between the forcing at any given time and the resulting warming at 
that time. (Note that this warming is generally not in equilibrium with the forcing.) When the 
nearly linear relationship between cumulative CO2 emissions and forcing is combined with the 
linear relationship between forcing and temperature, the result is a simple, nearly linear 
relationship between cumulative carbon emissions and the resulting warming (Goodwin et al., 
2015). 

Another cancellation, between the gradual decline of atmospheric CO2 and the slow 
approach of the ocean to thermal equilibrium, causes temperatures to remain nearly constant for 
centuries following a complete cessation of CO2 emissions (Matthews and Caldeira, 2008; 
Solomon et al., 2009). This cancellation arises because both of these processes operate on similar 
timescales set by the mixing of carbon and heat into the deep ocean:  see Figure 3-5. 
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the temperature response to a pulse injection of CO2. This irrelevancy occurs because, after a 
cessation of emissions, atmospheric CO2 concentrations do not stabilize, but rather fall just fast 
enough that the ‘recalcitrant’ warming reflected by ECS (Held et al., 2010) never materializes 
(Matthews and Caldeira, 2008; Solomon et al., 2009). 

 
TEMPERATURE EFFECT OF A CO2 PULSE AND THE INITIAL PULSE-

ADJUSTMENT TIME  
 
The constancy of the TCRE indicates that the multidecade-to-century-timescale climate 

response to any CO2 injection can be accurately approximated by a constant temperature increase 
set by the total cumulative amount of carbon injected and the TCRE. A key remaining aspect of 
the response that is relevant to the SCC is the form and speed of the adjustment immediately 
following a pulse injection of carbon. The most comprehensive study to date to address this 
question was the multimodel comparison of Joos et al. (2013). They examined the impact of a 
100 Gt C pulse injection of CO2, relative to a baseline scenario in which CO2 concentrations 
were held constant at 389 ppm following a historical transition to that point in a range of simple 
climate models and Earth system models of both intermediate and full complexity.  

Results are shown in Figure 3-7, with solid lines corresponding to full-complexity 
models, dashed lines to intermediate-complexity models, and dotted lines to simple models. The 
full-complexity models display large fluctuations that can be understood entirely as random 
internal variability, given the small size of the temperature response even to a pulse of this 
magnitude (comparable to about a decade of CO2 emissions at 2015 levels). Strikingly, all 
models, including the most complex, adjust relatively rapidly, with temperatures rising to about 
0.2°C within 10 to 20 years of the pulse and then remaining constant for the remainder of a 
century. A slight decline is observed over the millennium (right panel). 

In modeling the carbon cycle response to this pulse injection, Joos et al. (2013) find a 
very rapid IPT of only a few years and very slow subsequent adjustments on multidecade and 
multicentury timescales. The short IPT in Figure 3-7 is primarily set by the ocean mixed-layer 
thermal response time, which is known, on physical grounds, to be of the order of a decade or 
less (Held et al., 2010). The adjustment to a pulse injection of CO2 can thus be adequately 
characterized by an initial adjustment within a timeframe of 4 years to a decade, followed by 
stable temperatures for a century and slow decline thereafter.   
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thereafter.17 As noted in Chapter 4, experiments like those in Joos et al. (2013) can be used to 
evaluate the SCC-IAM climate modeling. 

 
IMPLICATIONS FOR ESTIMATION OF THE SCC 

 
To estimate the SCC, it is necessary to project both the physical climate changes 

associated with a baseline emissions trajectory and the effect of a small, additional pulse of CO2 
emitted on top of that baseline trajectory.18  

While the TCRE and IPT are relevant for capturing the response to cumulative or pulse 
emissions of CO2, other measures are relevant for computing a baseline climate, which may be 
influenced by CO2 emissions high enough (greater than approximately 1.5 Tt C) that the TCRE 
is not constant and is also affected by non-CO2 forcers.  The relative importance of TCR and 
ECS in characterizing the SCC depends on the relative proportion of net present value damages 
that occur in roughly the first century of emissions. By construction, TCR is a much better 
predictor than ECS of the climate response on timescales of less than a century.19  As a result, 
Otto et al. (2013b) found that in their simple model for estimating the SCC, for a moderate 
emissions trajectory20 and a quadratic damage function, reducing uncertainty in TCR leads to a 
greater reduction in SCC uncertainty than reducing uncertainty in ECS, provided that the 
discount rate is at least about 1 percent higher than the growth rate of consumption: see Figure 3-
8. For highly convex damage functions and discount rates sufficiently close to the consumption 
growth rate, Otto et al. (2013b) found that learning about ECS leads to a greater reduction in 
SCC uncertainty than learning about TCR.  

Factors that increase the fraction of the SCC due to damages after the first century, and 
thus increase the importance of ECS in comparison with TCR, include an increase in baseline 
temperatures as well as economic factors. In climate damage functions, such as those used in the 
SCC-IAMs, faster economic growth for a given discount rate or a lower discount rate for given 
economic growth will both tend to increase the importance of the more distant future and thus 
the ECS. In this context, it is worth noting that the IWG analysis holds the discount rate constant 
but assumes a decrease in growth rates after 2100, thereby increasing the importance of TCR 
over ECS relative to a constant growth-rate scenario or one in which the discount rate declines 
when the growth rate declines. In the 21st century, the average economic growth rate in the IWG 
scenarios ranges between 2.0 and 2.4 percent per year, while over 2100-2300 it ranges between 

                                                 
17Joos et al., (2013) found that the magnitude of the temperature response to a pulse injection (0.20 ± 

0.12°C/100 Gt C) is comparable to—though slightly higher than—the AR5 range for TCRE, although their analysis 
was based on a subset of the models used by the AR5 for its statement on TCRE. In single-model studies, 
Herrington and Zickfeld (2014) and Zickfeld and Herrington (2015) found that TCRE falls with both the speed and 
magnitude of a pulse injection, while Krasting et al. (2014) find that TCRE is larger for both small (~2 Gt C/yr) and 
large (~20 Gt C/yr) rates of emissions than for current rates of emission (~10 Gt C/yr). 

18This requirement can be seen in a simple, typical model: If damages are equal to economic output times a 
power function of temperature, ܦ(ܶ) = 	ܽܶ, then the change in damages associated with an emission pulse that 
shifts temperature from T to T + ΔT at time t are proportional to ܶ(ݐ)ିଵΔܶ(ݐ). Thus, the physical climate model 
underlying the SCC calculation must provide reasonable projections for both T(t) and ΔT(t), that is, both the baseline 
temperature response and the long-term temperature changes due to an emissions pulse. The economic valuation 
also depends on the relative sizes of the growth rate of consumption and the rate at which damages are discounted.  

19This finding can be seen from the 1 percent/year CO2 concentration growth scenario used to define TCR, in 
which ECS provides no additional information about the temperature response until after year 70. 

20Otto et al. used representative concentration pathway (RCP) 4.5. Representative concentration pathways are 
greenhouse gas concentration trajectories used by the IPCC in AR5 (van Vuuren et al., 2011). 
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TCR as a function of the discount rate and curvature of the damage function, with high values of 
the damage exponent corresponding to strongly convex damage functions. White/grey regions 
indicate parameter combinations for which learning TCR is more or less informative than 
learning ECS.  
SOURCE: Adapted from Otto et al. (2013b, Figs. 2 and 3). Reprinted with permission. 

 
TCRE is the crucial parameter determining the contribution of the physical climate 

system response to the SCC, since it determines the magnitude of multidecade-to-century 
timescale warming resulting from a pulse injection of CO2. TCRE is primarily determined by 
TCR, not ECS. Revisions to ECS are therefore relevant to SCC estimation, principally through 
their possible implications for baseline warming after a century or more. TCR and IPT determine 
temperature changes over shorter time periods, including the response to a small pulse emission 
of CO2. Hence, the revision of the “likely” range of ECS from 2.0-4.5°C in the AR4 to 1.5-4.5°C 
in the AR5 should have a minimal impact on estimates of the SCC. 
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4  
Climate System Modeling in the SCC-IAMs and the Role of ECS 

 
 
 
 
This chapter provides information on how the social cost of carbon integrated assessment 

models (SCC-IAMs) currently model the climate system and how equilibrium climate sensitivity 
(ECS) is incorporated in each SCC-IAM. In addition, the committee outlines tests that could be 
applied to the simple climate models used to generate the SCC, to determine whether the central 
projections of these models agree with those of more comprehensive Earth system models.   

 
REPRESENTATION OF THE CLIMATE SYSTEM IN THE SCC-IAMS 

 
The three SCC-IAMs used by the Interagency Working Group on the Social Cost of 

Carbon (IWG) are the Dynamic Integrated Climate-Economy Model (DICE), the Policy Analysis 
of the Greenhouse Effect (PAGE)), and the Climate Framework for Uncertainty, Negotiation and 
Distribution (FUND).  The climate system in each of them consists of three major elements: 
calculation of the path of atmospheric concentrations of CO2 from greenhouse gas emissions, 
translation of concentrations to radiative forcing, and the response of global mean surface 
temperature to changes in radiative forcing. However, the specification (structural and 
parametric) of each element varies across the models:  see Table 4-1.22 Significant differences 
exist in the structure of the carbon cycle, radiative forcing per doubling of CO2 concentrations, 
the derivation of global mean temperature from forcing, the coverage of and interactions with 
non-CO2 concentrations and forcing, and climate feedback representation. Differences in model 
time steps are also meaningful, as they have an impact on the climate system dynamics in the 
models.  
 

                                                 
22For additional discussion and details, see Rose et al., (2014). This is one of the few systematic reviews and 

comparisons of the SCC-IAMs; it is used in this chapter to introduce the differences between the three IAMs. 



Copyright © National Academy of Sciences. All rights reserved.

Assessment of Approaches to Updating the Social Cost of Carbon:  Phase 1 Report on a Near-Term Update

 
 

38 
Prepublication copy, uncorrected proofs 

TABLE 4-1 Climate Modeling Structural Characteristics for the SCC-IAMs.  
Characteristic DICE FUND PAGE 
Atmospheric Concentrations    

CO2 
Non-CO2 Kyoto 
Non-CO2 non-Kyoto 

3-box carbon cycle 5-box carbon cycle 1-box carbon cycle 
Not modeled CH4, N2O, SF6 Not modeled 
Not modeled SO2 SO2 

Radiative forcing    
CO2 (per doubling) 
Non-CO2 Kyoto 
Non-CO2 non-Kyoto 

3.80 W/m2   3.71 W/m2 3.81 W/m2 
Exogenous CH4, N2O, SF6 Exogenous 
Exogenous SO2 SO2, non-SO2 exogenous 

Global Mean Surface 
Temperature 

Rate temperature moves 
toward equilibrium is a 
function of climate 
sensitivity & surface 
temperature modulated by 
ocean heat uptake 

Rate temperature moves 
towards equilibrium is a 
function of climate 
sensitivity 

Function of global mean 
land and ocean 
temperatures 

Ocean Temperatures 2-box (upper and deep 
ocean) 1-box 1-box 

Regional Temperatures n/a 

Implicit with regional 
damage parameters 
calibrated to regional 
temperatures downscaled 
based on a linear pattern-
scale average of 14 global 
circulation models 

Explicit with regional 
temperatures downscaled 
according to latitude and 
landmass adjustment 

Global Mean Sea Level Rise 

Components (thermal 
expansion, glacier and small 
ice cap melt, GIS melt, WAIS 
melt) computed as functions 
of temperature and lagged 
temperature 

Computed as a function of 
temperature and lagged 
temperature 

Computed as a function of 
temperature and lagged 
temperature 

Time Steps 10-year 1-year 
Variable (10-year 2000-
2060, 20-year 2060-2100, 
100-year 2100-2300) 

Implementation of CO2 Pulse in 
Year t  

Pulse spread equally over 
the decade straddling year t 
 

Pulse spread equally over 
the decade from year t 
forward 

Pulse distributed evenly 
over the two decades 
preceding and subsequent 
to year t 

Model-Specific Uncertainties 
Other than ECS (number of 
parameters; distribution types) 

None 
11 – normal, truncated 
normal, triangular, and 
gamma distributions 

10 – triangular 
distributions 

 
NOTE:  See text for discussion. 
SOURCE: Modified from Rose et al. (2014, Table 5-1). 
  

We note that the IWG has modified the SCC climate modeling components of each 
model. In DICE, the IWG changed the time steps and averaged CO2 concentrations across time 
periods. In PAGE, the IWG modified the time-step scheme.23  The IWG also standardized the 
distribution of the ECS used in each model. 
                                                 

23Non-CO2 forcing is also captured in the models in significantly different ways, with FUND deriving non-CO2 
concentrations and forcing, and DICE and PAGE using forcing assumptions developed from sources outside the 
models. Also, the models vary in their coverage of non-CO2 forcing, with all three different in total forcing 
coverage: FUND covers the fewest of the broad set of non-CO2 forcing constituents, including long-lived and short-
lived gases and aerosols. 
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Differences in the derivation of temperature from forcing are also noteworthy with regard 
to the IWG’s standardization of the ECS distribution. In DICE and FUND, the rate at which 
temperature moves towards equilibrium is affected by ECS. In these two models, a higher ECS 
corresponds to a slower convergence towards the equilibrium temperature (i.e., a longer period 
of time, or lag, before reaching the equilibrium temperature). Varying the adjustment speed (or 
lag) with the climate sensitivity parameter ensures some consistency with historical observations. 
Importantly, it also moderates the effect of changing the ECS parameter, in particular on 
transient climate response (TCR). The temperature response in PAGE, which does not include 
this temperature lag adjustment, is more sensitive to alternative ECS values. DICE, which uses a 
2-box ocean model, also includes a moderating feedback from the ocean, with deep ocean 
temperatures moderating the rate at which surface temperature increases. Finally, FUND and 
PAGE include an explicit climate carbon cycle feedback that accelerates global warming at 
higher temperatures. The feedback represents global physical mechanisms (e.g., terrestrial drying 
and vegetation dieback) that release addition emissions into the atmosphere as the planet warms 
and in so doing increase the rate of global warming.  

Global mean surface temperature is the primary climate variable driving the climate 
damage estimates in all three of the models. In addition, the rate of temperature change and CO2 
concentrations are also used in some FUND damage categories. Other climate variables, such as 
precipitation, weather variability, and extreme weather events are not modeled explicitly, 
although these effects may be captured implicitly in the calibration of damage response to global 
mean temperature change.   

Global mean surface temperature drives projected global average mean sea level rise in 
all three models and projected regional average temperatures in FUND and PAGE, which in turn 
drive damages. However, differences in the downscaling approach lead to differences in 
projected regional temperatures across FUND and PAGE for the same global mean surface 
temperature, with PAGE projecting greater warming for many regions. The sea level rise 
calculations also vary across models, with projected sea level rise in 2100 varying by a factor of 
two across models for the same projected levels of warming (Rose et al., 2014).  

It is worth noting that in the IWG’s SCC methodology, climate system parametric 
uncertainty is accounted for in all three models, but to different degrees. All models consider 
ECS parameter uncertainty through a probability distribution for ECS calibrated to the 
likelihoods of the Intergovernmental Panel on Climate Change (IPCC), with a distributional form 
adopted from Roe and Baker (2007). In addition, FUND and PAGE incorporate additional 
climate-model specific parametric uncertainties. 

In the DICE model, the climate model component is represented using a two-layer ocean 
(see Chapter 3, “Determining Temperature Changes in Response to CO2 Emissions”).  In FUND 
and PAGE, the temperature response is characterized by a single exponential decay. In DICE and 
FUND, the timescale of the temperature response varies with the ECS.24  

Figure 4-1 shows that the models used in the IWG analysis vary by decades in the time 
taken to reach peak warming associated with a pulse emission. This contrasts with the time of 
about 1 decade indicated by the models participating in the Joos et al. (2013) intercomparison 
(see Figure 3-7 in Chapter 3). However, direct comparison between the two sets of results is 
complicated by differences in their experimental design and baselines.   
                                                 

24In the standard version of the 2009 PAGE model, the timescale and TCR are parameters, and ECS is a 
function of them. In the IWG version of PAGE, timescale is invariant to the ECS parameter, and TCR is not an 
explicit parameter. 



Copyright © National Academy of Sciences. All rights reserved.

Assessment of Approaches to Updating the Social Cost of Carbon:  Phase 1 Report on a Near-Term Update

 
 

 
 

FIGURE
compone
NOTES:
lower (U
that prod
respectiv
comparab
which pe
(2013) ex
SOURCE

 

 
T

dimensio
common 
values). G
socioecon
emission
(Interage
2015 esti
IWG met
from eac

S
through t
as “basel
“policy” 

E 4-1 Increm
ents of the SC
   The respon

USG5, dashed
duce the high
vely in the IW
ble to those 
erformed a p
xperiment is
E: Develope

Harm

The IWG met
ons: socioeco

assumed EC
Given their c
nomic/emiss

ns and ECS m
ency Workin
imates (Inter
thodology re
h model’s st
ocioeconom
the five alter
line” futures 
future that s

Prepu

mental annua
CC-IAMs. 
nses are for 
d) reference 
hest and lowe
WG methodo
from the Joo
ulse experim
 not fully co

ed from Rose

monization 

thodology h
onomic and e
CS probabili
climate mod
sions and EC
modeling app
ng Group on 
ragency Wor
egarding soc
tandard struc

mic and emiss
rnative scena
assuming n

stabilizes atm

ublication c

al global mea

a 1 GtC emi
emissions. U
est fossil fue
ology.  The l
os et al. (201
ment on top o
omparable.  
e et al. (2014

of Emissio

armonizes a
emissions pr
ity distributio
deling and pr
CS harmoniz
proaches we
the Social C
rking Group
cioeconomic
cture.  
sions variabi
arios (USG1
egligible gre

mospheric co

40 
copy, uncorr

an temperatu

issions pulse
USG2 and U
el and indust
lower baselin
13) experime
of a 389 ppm

4). Reprinted

ons Inputs a

assumptions 
rojections (f
on), and disc
rojection imp
zations. Note
ere developed
Cost of Carbo
p on the Soci
 and emissio

ility are con
 through US

eenhouse gas
oncentration

rected proo

ure response

e in 2020 wit
USG5 are the
trial CO2 em
ne USG5 res
ent shown in
m CO2 baseli

d with permi

and the ECS

across the th
five cases), E
count rates (
plications, th
e that the IW
d for the IW
on,2010) and
ial Cost of C
ons modeling

sidered in th
SG5). Four o
s mitigation
s by 2100 at

ofs 

s to 2300 fro

th higher (U
e socioecono

mission proje
sults (dashed
n Fig. 3-7 (in
ine. Note tha

ission. 

S by the IW

hree models 
ECS uncertai
(three alterna
his section d

WG socioecon
WG’s 2010 SC

d retained fo
Carbon, 2013

g differs to d

he IWG SCC
of the scenar
, and one is 
t 550 ppm C

om the clima

USG2, solid) 
omic scenari
ections 
d) are more 
n Chapter 3),
at the Joos e

WG 

along three 
inty (using a
ative constan

discusses the 
nomic and 
CC estimate
or the 2013 a
3, 2015).  Th
different deg

C calculation
rios are descr
described as

CO2-equivale

ate 

and 
os 

, 
et al. 

a 
nt 

es 
and 
he 
grees 

ns 
ribed 
s a 
ent. 



Copyright © National Academy of Sciences. All rights reserved.

Assessment of Approaches to Updating the Social Cost of Carbon:  Phase 1 Report on a Near-Term Update

 
 

Each sce
industria

In
to the yea
EMF 22 
detailed e
targets an
policy” f
“policy” 
results fr
the SCC 
in the ave

Im
2014): FU
populatio
FUND re
standardi
CO2 Kyo
exogenou
based soc

T
distributi
form (see
made in t
and Bake

 

               
25

nario consis
l CO2 emiss
n the IWG m
ar 2100 are d
(Clarke et al
energy secto
nd internatio
futures assoc
scenario wa

rom the same
estimates re
eraging used
mplementati
UND and PA
on and incom
equires deriv
ized projecti
oto greenhou
usly. To esti
cioeconomic

The IWG app
ion of the EC
e discussion 
the IPCC fou
er distributio

                   
For a detailed 

Prepu

ts of a set of
ions, land us

methodology
drawn from 
l., 2009), wh

ors to explore
onal coopera
ciated with 4
as derived by
e four model
esulting from
d to derive th
ion of these i
AGE require
me, PAGE an
vation of its o
ions. In addit
use gases (CH
mate climate
c and emissio
proach stand
CS paramete
in Chapter 3

urth assessm
on.25  

               
discussion, see

ublication c

f projections
se CO2 emis
, the baselin
scenario dat

hich was a m
e the cost an

ation. The fou
 of the 10 m

y the IWG by
ls, with each

m each socioe
he overall SC
inputs varied
e translation 
nd DICE use
own fossil a
tion, only FU
H4, N2O, SF
e damages b
ons inputs fr

dardized one 
er. The IWG 
3) to match s

ment report (A

e IWG (2010); 

41 
copy, uncorr

s for gross do
sions, and n

ne socioecono
ta from the E

multimodel sc
nd energy tra
ur baseline s

models partic
y averaging 
h variable av
economic/em
CC estimates
d somewhat 
of the projec

e level value
and industria
UND uses ex
6); and DICE

beyond 2100
rom 2100 to 
climate syst
calibrated a

statements re
AR4). Figur

also see Box 3

rected proo

omestic prod
non-CO2 emi
omic, emiss

Energy Mod
cenario exer
ansformation
scenarios are
ipating in th
the 550 ppm

veraged sepa
mission scen
s.   
across the th
ctions into m
es and FUND
al CO2 emiss
xplicit emiss
E and PAGE

0, the IWG ex
 2300.  
tem modelin
a Roe and Ba
egarding the
re 4-2 depict

3-2 in Chapter 

ofs 

duct, popula
issions and f
ions, and for
eling Forum
rcise of 10 g
n implication
e reference “
he EMF 22 st
m CO2-equiv
arately. In the
nario are give

hree models 
model-specif
D uses growt
sions in lieu 
sions for a su
E include no
xtrapolated t

ng assumptio
aker (2007) d
e likelihood o
ts the chosen

3.  

tion, fossil a
forcing.  
rcing projec

m’s 22nd stud
lobal IAMs 
ns of climate
“no climate 
tudy. The 

valent scenar
e IWG exerc
en equal wei

(see Rose e
fic regional 
th rates; and
of the 
ubset of non
n-CO2 forcin
the EMF 22 

on, the 
distributiona
of the ECS v

n calibrated R

 

and 

tions 
dy, 
with 

e 

rio 
cise, 
ight 

et al., 

d 

n-
ng 

al 
value 
Roe 



Copyright © National Academy of Sciences. All rights reserved.

Assessment of Approaches to Updating the Social Cost of Carbon:  Phase 1 Report on a Near-Term Update

 
 

42 
Prepublication copy, uncorrected proofs 

 
FIGURE 4-2 IWG calibrated Roe and Baker ECS distribution. 
NOTES:  The black line is based on Roe and Baker (2007) functional form. Additional 
probability distributions adopted from Figure 9.20 in the source for this figure.  . The circles 
below the distributions reflect the median ECS estimate; the ends of the horizontal bars represent 
the 5th and 95th percentiles of the ECS distributions.  
SOURCE: Interagency Working Group on the Social Cost of Carbon (2010, Fig. 2). 

  
Role of ECS and Other Assumptions in Determining the Emissions-to-

Temperature Link 
 
Projecting global mean surface temperature change from projected emissions in the SCC-

IAMs requires sequentially translating emissions trajectories into concentrations, concentrations 
into radiative forcing, and radiative forcing trajectories into temperature. In the IWG analysis, 
the ECS parameter is one of several critical parameters governing the last translation from 
forcing to temperature.  

The ECS is a long-standing metric for climate system responsiveness (e.g., Arrhenius, 
1896) and is used as an input parameter to most simple climate models, such as those used by the 
IWG. However, the ECS is not an input parameter to more complex climate models. Rather, it 
emerges from the behavior of each complex model and is derived as an output based on each 
model’s global mean surface temperature response to a doubling of CO2 concentrations. The 
ECS is therefore unique to each model’s structure, parameterization, and settings.  

The ECS is recognized as an influential parameter in the three IAMs used to calculate the 
SCC, with studies finding SCC estimates to be relatively sensitive to the assumed ECS (Anthoff 
and Tol, 2013a, 2013b; Butler et al., 2014; Hope, 2013). This reflects in part the way in which 
the ECS is incorporated into these models.  Direct comparison of the SCC-IAMs’ climate 
responses has also found that the sensitivity of projected temperature (level and incremental) to 
the ECS assumptions varies significantly across the three models, with PAGE being the most 
sensitive and FUND the least sensitive  (see Fig 4-3).  
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a modified version of the DICE model the potential importance of interactions between uncertain 
parameters. 

Direct comparison of the model damage components of the three IWG SCC models 
illustrates the differences in sensitivity of damage estimates to assumed warming levels and the 
size of the economy. Such comparison finds that PAGE damages are the most sensitive to 
changes in the level of warming, and FUND damages are the least sensitive. At low levels of 
warming, DICE and PAGE damages are the most sensitive to changes in the size of the 
economy, but at high levels of warming, FUND damages are the most sensitive (see Fig. 4-3, 
above). In both contexts there are warming and income ranges for which there are even 
differences in the sign of estimated damages, as well as the responsiveness. 

These insights suggest that it is important to look beyond the ECS when evaluating 
current methods and identifying opportunities for improvement. Those opportunities include not 
only other climatic factors, but also sensitivity to changes in other model inputs and assumptions 
in other components of the causal chain. There are also uncertainties, and potential sensitivities, 
associated with elements not currently modeled, including other factors that will drive the 
physical impacts of global climate change, such as changes in the regional and temporal 
distribution of precipitation, humidity, changing aerosol and cloud patterns, sea level rise, and 
potential extreme events.  

 
ASSESSMENT OF SIMPLE CLIMATE MODEL PERFORMANCE 

 
The climate modeling community assesses the performance of its models in two ways:  

(1) intermodel comparison diagnostics and (2) comparison of projections to historical data. With 
the exception of some limited intermodel comparison exercises (e.g., Rose et al., 2014; van 
Vuuren et al., 2011; Warren et al., 2010;), similar diagnostics and historical comparisons have 
not been applied to the simple climate models that serve as inputs to SCC-IAMs calculations. 

Simple climate models, such as the ones used in SCC-IAMs, can be assessed through a 
set of diagnostic experiments described below. The key point of comparison is whether the 
central projections and ranges of the simple climate models agree with those of more 
comprehensive Earth system models. These diagnostics should not necessarily disqualify models 
based on broader responses than the Earth system models, however, as the latter models are 
known to cluster near central estimates (e.g., Huybers, 2010; Roe and Armour, 2011). Similarly, 
it is not inappropriate for simple climate models to include feedbacks not represented in Earth 
system models; but the diagnostics should be run with these additional feedbacks disabled so as 
to facilitate comparison with more complex models that, because of computational limits, do not 
include such feedbacks.  

Four key properties of any simple climate model can be assessed: 
 
 Transient climate response to emissions (TCRE) can be assessed using extended 

release experiments along the lines of those conducted by Matthews and Caldeira 
(2008) or Herrington and Zickfeld (2014). In these experiments, CO2 is emitted at a 
constant rate of 20 Gt C/yr until such time that cumulative emissions reached 50, 200, 
500 or 2000 Gt C, at which point emissions are ceased. The TCRE is given by the 
ratio of warming to cumulative emissions at the end of the emission period. The 
TCRE experiments assess the combined response of the climate and the carbon cycle 
to CO2 emissions. 
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 TCR can be assessed with an experiment in which CO2 concentrations are increased 
at 1 percent/year from a preindustrial initial value, with the mean warming over years 
60-80 defining the TCR. This assesses the multidecade response of climate to CO2 
concentrations, removing from the equation the effects of the carbon cycle and the 
multicentury adjustments that contribute to ECS. 

 The initial pulse-adjustment timescale (IPT) can be assessed with experiments such as 
that of Joos et al. (2013), in which the temperature response over time to a pulse 
emission of 100 GtC was assessed relative to a steady-state baseline CO2 
concentration of 389 ppm. Such experiments provide information on both the IPT and 
the TCRE, but extended release experiments are more relevant to TCRE. 

 Finally, the overall baseline response to forcing can be assessed using the 
representative concentration pathway/extended concentration pathway (RCP/ECP)26 
experiments driven by total forcing (Collins et al., 2013). Specifically, a range of 
possible forcings can be examined by using the high-emissions 6.RCP/ECP 8.5 and 
low-emissions RCP/ECP 2.6 pathways. By driving the model directly with climate 
forcing, these experiments isolate the energy balance portion of the simple climate 
model. 

 
Although these experiments and this report focus on the climate effect of CO2 emissions, 

similar diagnostics can be applied to the simple climate models used in the calculation of the 
social cost of other climate forcers.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
26Extended concentration pathways are an extension of representative concentration pathway emissions 

scenarios from 2100 through 2300 (van Vuuren et al., 2011). 
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5  
Discussions, Conclusions, and Recommendations  

 
 
 
 
The first part of this chapter summarizes the committee’s conclusions and presents its 

recommendation on the first two questions covered in this first phase of the study.  The second 
part of this chapter introduces concepts relevant to the committee’s third question and provides 
conclusions and recommendations on that question.    
 
NEAR-TERM UPDATES TO CLIMATE SYSTEM MODELING IN SCC ESTIMATION 

 
The first two charge questions direct the committee to consider near-term updates to the 

social cost of carbon (SCC). Specifically, the committee considered whether a near-term update 
is warranted on the basis of recent evidence regarding the sensitivity of temperature change to 
carbon emissions.  The basic issues are the technical merits and challenges of a narrowly focused 
update to the SCC estimates and whether the Interagency Working Group on the Social Cost of 
Carbon (IWG) should conduct a near-term update of the SCC prior to receiving 
recommendations related to a more comprehensive update (Phase 2 of the committee’s study).  

In its analysis, the committee considered the criteria outlined in Chapter 1, including:  
 
 the accuracy and characterization of uncertainty of climate system modeling (e.g., 

assessing whether a near-term update would necessarily improve the representation of 
the response of temperature change to emissions relative to more complete, state-of-
the-art models of the climate system);  

 overall SCC reliability;  
 alternative options for climate system representation; and,  
 whether there is sufficient benefit to warrant investing limited available resources in 

conducting a near-term update to the SCC estimates, relative to investing those 
resources in lasting improvements to the methods and science underlying the SCC. 

 
CONCLUSION 1 The equilibrium climate sensitivity (ECS) is only one parameter 
affecting the social cost of carbon (SCC). Each of the three SCC integrated 
assessment models (SCC-IAMs) also embodies a different representation of the 
climate system and its underlying uncertainties, including relationships and 
parameters beyond the ECS.  Therefore, updating the ECS alone within the current 
SCC framework may not significantly improve the estimates.  
 
CONCLUSION 2 The relationship between CO2 emissions and global mean surface 
temperature can be summarized by four metrics: equilibrium climate sensitivity 
(ECS), transient climate response (TCR), transient climate response to emissions 
(TCRE) and the initial pulse-adjustment timescale (IPT). ECS is less relevant than 
the other three metrics in characterizing the climate system response on timescales 
of less than a century. As a long-term, equilibrium metric, ECS alone does not 
provide an adequate summary of the relationship between CO2 emissions and global 
mean surface temperature for calculating the SCC. Therefore, simply updating the 
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distribution of ECS without assessing the impact on these other metrics may not 
result in an improved estimate of the SCC. 
 
RECOMMENDATION 1 The committee recommends against a near-term update 
to the social cost of carbon (SCC) based simply on a recalibration of the probability 
distribution of the equilibrium climate sensitivity (ECS) to reflect the recent 
consensus statement in the Fifth Assessment Report of the Intergovernmental Panel 
on Climate Change. Consequently, the committee also recommends against a near-
term change in the distributional form of the ECS.  
 
Rather than updating the ECS in the current framework, the IWG could undertake efforts 

to adopt or develop a common “module” that represents the relationship between CO2 emissions 
and global mean surface temperature change, its uncertainty, and its profile over time. If the 
IWG pursues such an effort, the following criteria would provide a more robust alternative to 
assessing the link between CO2 emissions to temperature change than ECS alone: 

   
1. The module’s behavior should be consistent with the best available scientific 

understanding of the relationship between emissions and temperature change, its 
pattern over time, and its uncertainty. Specifically, the module should be assessed on 
the basis of both its response to a pulse of emissions and its response to long-term 
forcing trajectories (specifically, trajectories designed to assess transient climate 
response (TCR) and transient climate response to emissions (TCRE), as well as high- 
and low-emissions baseline trajectories). Given the degree of assessment they face, 
including consistency with observational data, the Intergovernmental Panel on 
Climate Change (IPCC)-class Earth system models provide a reference for evaluating 
the central projections of a climate module.  

2. The proposed module should strive for simplicity and transparency so that the central 
tendency and range of uncertainty in its behavior are readily understood, are 
reproducible, and are amenable to continuous improvement over time through the 
incorporation of evolving scientific evidence. 

3. The possible implications of the choice of a common climate module for the 
assessment of impacts of other, non-CO2 greenhouse gases should also be considered. 

 
NEAR-TERM ENHANCEMENT OF THE QUALITATIVE CHARACTERIZATION OF 

SCC UNCERTAINTY TO INCREASE TRANSPARENCY 
 

The third charge question directs the committee to consider ways to enhance the 
qualitative characterization of uncertainties associated with the current SCC estimates in the near 
term to increase the transparency associated with using these estimate in regulatory impact 
analyses. 

To be well defined, the SCC must be conditioned on certain variables, for example, the 
year in which the change in emissions is assumed to occur. Parameters that may require policy or 
value judgments must also be specified: these may concern how effects across people are 
aggregated, including across time, across different income levels, and over political jurisdictions.  
The SCC may be presented on the basis of different assumed values for such parameters, but it is 
generally inappropriate to take averages across such values because the variation does not 
reflect—or does not only reflect—uncertainty. For practical regulatory purposes, for example, it 
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is necessary to present SCC estimates conditional on alternative discount rates in order to allow 
those SCC estimates to be combined with other cost and benefit estimates that use different 
discount rates. 

The SCC depends on a number of inputs that are uncertain. Some are aspects of the 
natural world, such as the sensitivity of temperature change to emissions and how it evolves over 
time. Others are consequences of current and future human behavior, such as population growth, 
economic growth, and the trajectory of global greenhouse gas emissions.  For regulatory decision 
making, it is at least conceptually possible to describe the uncertainty of these inputs to the SCC 
using probability distributions.  Ideally, joint probability distributions could be defined for all of 
the uncertain inputs to an SCC-IAM, and the impact of uncertainty on the SCC could be 
evaluated using Monte Carlo analysis or a related approach.  

One reason for modeling uncertainty is related to non-linearities. If the SCC calculation 
involves non-linearities over the range of uncertain parameters, the average value of the SCC 
computed from random draws of these uncertain inputs may not be the same as the single SCC 
computed from the average parameter values.  The implications of such non-linearities may be 
difficult to know a priori, suggesting it is best to compute the SCC from random draws of 
uncertain inputs. 

It is also important to model uncertainty in order to provide a range of plausible estimates 
for cost-benefit analysis.  The U.S. Office of Budget and Management (OMB) Circular A-4 
requests a formal quantitative analysis of uncertain costs and benefits for major rules with effects 
of $1 billion or more.  Given the consequences of the presence of CO2 emissions across many 
government rulemakings, it is important to address this need. 
 

Handling of Uncertainty in IWG Analysis   
 

In constructing the SCC, the IWG treated some parameters of the climate system and 
damage functions as uncertain and random and represented these parameters using probability 
distributions.  A common distribution, using a distributional form developed by Roe and Baker 
(2007), was used to represent the ECS in each of the three SCC-IAMs: the Dynamic Integrated 
Climate-Economy Model (DICE), the Policy Analysis of the Greenhouse Effect (PAGE)), and 
the Climate Framework for Uncertainty, Negotiation and Distribution (FUND).  In addition, 11 
climate system parameters in FUND and 10 in PAGE were also represented by probability 
distributions, as were 50 parameters in FUND’s damage model and 46 in PAGE’s damage model 
(see Chapter 2 for an overview of these models).  Socioeconomic and emissions uncertainty was 
also considered through five alternative scenarios. In calculating the SCC, each SCC-IAM was 
run by taking 10,000 draws from the relevant probability distributions and calculating the SCC 
for each draw, conditional on a socioeconomic and emissions scenario and discount rate.   

  
CONCLUSION 3  The Interagency Working Group on the Social Cost of Carbon 
technical support document explicitly describes the factors on which the SCC is 
conditioned, such as the year emissions occur and the discount rate and also makes 
explicit the sources of distributions for various inputs.  However, it does not detail 
all sources of model-specific uncertainty in the social cost of carbon integrated 
assessment models (SCC-IAMs).   
 
RECOMMENDATION 2  When presenting the SCC estimates, the Interagency 
Working Group on the Social Cost of Carbon should continue to make explicit the 
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sources of uncertainty.  The IWG should also enhance its efforts to describe 
uncertainty by adding an appendix to the technical support document that describes 
the uncertain parameters in the FUND and PAGE models. 
 
CONCLUSION 4  Multiple runs from three models provide a frequency 
distribution of SCC estimates based on five socioeconomic-emissions scenarios, 
three discount rates, draws from the ECS distribution, and other model-specific 
uncertain parameters. This set of estimates does not yield a probability distribution 
that fully characterizes uncertainty about the SCC. 
 

Sources of Uncertainty Omitted from the IWG Analysis 
 

The committee notes that none of the three SCC-IAMs (nor any others of which the 
committee is aware) are sufficiently comprehensive to include all of the uncertainties in the 
inputs that are likely to be important in calculating the SCC. Moreover, explicit distributions for 
some important inputs (e.g., emission scenarios, economic growth, and population) have not 
been developed by the IWG for use in estimating the SCC.  Factors omitted or not adequately 
captured by the analysis need to be better characterized. In addition, a single unifying discussion 
of captured and omitted uncertainty is needed. There is, however, no section of the IWG’s 
technical support documents that contain a unified discussion of this topic. 
 

RECOMMENDATION 3  The Interagency Working Group on the Social Cost of 
Carbon (IWG) should expand its discussion of the sources of uncertainty in inputs 
used to estimate the SCC, when presenting uncertainty in the SCC estimates.  The 
IWG should include a section entitled “Treatment of Uncertainty” in each technical 
support document updating the SCC.  This section should discuss various types of 
uncertainty and how they were handled in estimating the SCC, as well as sources of 
uncertainty that are not captured in current SCC estimates. 
 
The uncertainties discussed in this section would include the uncertain parameters unique 

to each of the models, uncertainty about climate change impacts and their valuation, and the risk 
of potential catastrophic outcomes.  The section would also discuss the implicit, equal weight 
placed on the three IAMs and five socioeconomic scenarios in computing an average SCC, the 
possible alternatives of unequal weights or alternative models and scenarios, and the motivation 
for the chosen approach. The executive summary of the technical support document and 
individual regulatory impact analyses that use the SCC might usefully provide a summary of this 
discussion.   
 

Reporting of Results 
 

In the executive summaries of the IWG’s technical support documents, the presentation 
of SCC estimates and the description of the uncertainty underlying them are brief. For each year 
of interest, four summary estimates of the SCC are shown (see Table 2-3, in Chapter 2): the 
average SCC for 2.5, 3, and 5 percent discount rates, as well as the 95th percentile for a 3 percent 
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discount rate.27 Thus, the only range of SCC estimates presented in the executive summary of the 
technical support documents is the range based on discount rates, together with the 95th 
percentile of the SCC based on a 3 percent discount rate.  A more complete characterization of 
uncertainty would include other sources of variability in the SCC, for each discount rate, and 
would include both high and low values.   These values could be used in sensitivity analyses in 
regulatory impact analyses.  
 

CONCLUSION 5  It is important to continue to separate the impact of the discount 
rate on the SCC from the impact of other sources of variability. A balanced 
presentation of uncertainty includes both low and high values conditioned on each 
discount rate. 

 
RECOMMENDATION 4  The  executive summary of each technical support 
document should provide guidance concerning interpretation of reported SCC 
estimates for cost-benefit analysis.  In particular, the guidance should indicate that 
SCC estimates conditioned on a particular discount rate should be combined with 
other cost and benefit estimates conditioned on consistent discount rates, when they 
are used together in a particular analysis.   

The guidance should also indicate that when uncertainty ranges are 
presented in an analysis, those ranges should include uncertainty derived from the 
frequency distribution of SCC estimates. To facilitate such inclusion, the executive 
summary of the technical support document should present symmetric high and low 
values from the frequency distribution of SCC estimates with equal prominence, 
conditional on each assumed discount rate.  
 
One approach to the implementation of this recommendation would be to present in the 

executive summary a table similar to Table 5-1 below which would show high and low estimates 
of the SCC, as well as the average estimate, for each discount rate.  The executive summary 
could also display the frequency distribution of SCC estimates as in Figure 5-1, with separate 
graphs for each discount rate. Separating the presentation of frequency distributions will 
encourage careful attention to the special role of discount rates on the basis of the regulatory 
context and the need to combine the SCC with other cost and benefit estimates. Also, the IWG 
could identify a high percentile (e.g., 90th, 95th) and corresponding low percentile (e.g., 10th, 
5th) of the SCC frequency distributions on each graph. This approach would define a usable 
uncertainty range for the regulatory impact analysis for each discount rate.    

 

                                                 
27The most recent IWG technical support document states (Interagency Working Group on the Social Cost 

of Carbon, 2015, p.2): “Three values are based on the average SCC from three integrated assessment models (SCC-
IAMs), at discount rates of 2.5, 3, and 5 percent. The fourth value, which represents the 95th percentile SCC 
estimate across all three models at a 3 percent discount rate, is included to represent higher-than-expected impacts 
from temperature change further out in the tails of the SCC distribution.” 
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