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Preface

The Interagency Working Group on the Social Cost of Greenhouse Gases (formerly the Interagency Working
Group on the Social Cost of Carbon) has a longstanding commitment to ensure that the social cost of
carbon estimates continue to reflect the best available science and methodologies. Given this commitment
and public comments on issues of a deeply technical nature received by the Office of Management and
Budget and federal agencies, the Interagency Working Group is seeking independent expert advice on
technical opportunities to update the social cost of carbon estimates. The Interagency Working Group
asked the National Academies of Sciences, Engineering, and Medicine in 2015 to review the latest research
on modeling the economic aspects of climate change to inform future revisions to the social cost of carbon
estimates presented in this technical support document. In January 2016, the Academies’ Committee on
the Social Cost of Carbon issued an interim report that recommended against a near-term update to the
social cost of carbon estimates, but included recommendations for enhancing the presentation and
discussion of uncertainty around the current estimates. This revision to the TSD responds to these
recommendations in the presentation of the current estimates. It does not revisit the interagency group’s
2010 methodological decisions or update the schedule of social cost of carbon estimates presented in the
July 2015 revision. The Academies’ final report (expected in early 2017) will provide longer term
recommendations for a more comprehensive update.



Executive Summary

Executive Order 12866 requires agencies, to the extent permitted by law, “to assess both the costs and
the benefits of the intended regulation and, recognizing that some costs and benefits are difficult to
quantify, propose or adopt a regulation only upon a reasoned determination that the benefits of the
intended regulation justify its costs.” The purpose of the social cost of carbon (SC-CO;)! estimates
presented here is to allow agencies to incorporate the social benefits of reducing carbon dioxide (CO;)
emissions into cost-benefit analyses of regulatory actions. The SC-CO, is the monetized damages
associated with an incremental increase in carbon emissions in a given year. It is intended to include (but
is not limited to) changes in net agricultural productivity, human health, property damages from increased
flood risk, and the value of ecosystem services due to climate change.

The interagency process that developed the original U.S. government SC-CO; estimates is described in the
2010 Technical Support Document on the Social Cost of Carbon (TSD) (Interagency Working Group on
Social Cost of Carbon 2010). Through that process the Interagency Working Group (IWG) selected SC-CO,
values for use in regulatory analyses. For each emissions year, four values are recommended. Three of
these values are based on the average SC-CO; from three integrated assessment models (IAMs), at
discount rates of 2.5, 3, and 5 percent. In addition, as discussed in the 2010 TSD, there is extensive
evidence in the scientific and economic literature on the potential for lower-probability, but higher-impact
outcomes from climate change, which would be particularly harmful to society and thus relevant to the
public and policymakers. The fourth value is thus included to represent the marginal damages associated
with these lower-probability, higher-impact outcomes. Accordingly, this fourth value is selected from
further out in the tail of the distribution of SC-CO, estimates; specifically, the fourth value corresponds to
the 95 percentile of the frequency distribution of SC-CO, estimates based on a 3 percent discount rate.
Because the present value of economic damages associated with CO, emissions change over time, a
separate set of estimates is presented for each emissions year through 2050, which is sufficient to cover
the time frame addressed in most current regulatory impact analyses.

In May of 2013, the IWG provided an update of the SC-CO; estimates based on new versions of each IAM
(DICE, PAGE, and FUND). The 2013 update did not revisit other IWG modeling decisions (e.g., the discount
rate, reference case socioeconomic and emission scenarios, or equilibrium climate sensitivity).
Improvements in the way damages are modeled were confined to those that had been incorporated into
the latest versions of the models by the developers themselves in the peer-reviewed literature. The IWG
subsequently provided additional minor technical revisions in November of 2013 and July of 2015, as
described in Appendix B.

The purpose of this 2016 revision to the TSD is to enhance the presentation and discussion of quantified
uncertainty around the current SC-CO, estimates, as a response to recommendations in the interim report
by the National Academies of Sciences, Engineering, and Medicine. Included herein are an expanded

! Throughout this Technical Support Document (TSD) we refer to the estimates as “SC-CO- estimates” rather than
the more simplified “SCC” abbreviation used in previous versions of the TSD.



graphical presentation of the SC-CO: estimates highlighting a symmetric range of uncertainty around
estimates for each discount rate, new sections that provide a unified discussion of the methodology used
to incorporate sources of uncertainty, and a detailed explanation of the uncertain parameters in both the
FUND and PAGE models.

The distributions of SC-CO: estimates reflect uncertainty in key model parameters chosen by the IWG such
as the sensitivity of the climate to increases in carbon dioxide concentrations, as well as uncertainty in
default parameters set by the original model developers. This TSD maintains the same approach to
estimating the SC-CO:2 and selecting four values for each emissions year that was used in earlier versions
of the TSD. Table ES-1 summarizes the SC-CO: estimates for the years 2010 through 2050. These estimates
are identical to those reported in the previous version of the TSD, released in July 2015. As explained in
previous TSDs, the central value is the average of SC-CO: estimates based on the 3 percent discount rate.
For purposes of capturing uncertainty around the SC-CO: estimates in regulatory impact analysis, the IWG

emphasizes the importance of considering all four SC-CO: values.

Table ES-1: Social Cost of CO2, 2010 - 2050 (in 2007 dollars per metric ton of COz2)

Year 5% 3% 2.5% High Impact
Average Average Average (95th Pct at 3%)
2010 10 31 50 86
2015 11 36 56 105
2020 12 42 62 123
2025 14 46 68 138
2030 16 50 73 152
2035 18 55 78 168
2040 21 60 84 183
2045 23 64 89 197
2050 26 69 95 212

While point estimates are important for providing analysts with a tractable approach for regulatory
analysis, they do not fully quantify uncertainty associated with the SC-CO2 estimates. Figure ES-1 presents
the quantified sources of uncertainty in the form of frequency distributions for the SC-CO: estimates for
emissions in 2020. To highlight the difference between the impact of the discount rate on the SC-CO: and
other quantified sources of uncertainty, the bars below the frequency distributions provide a symmetric
representation of quantified variability in the SC-CO: estimates for each discount rate. When an agency
determines that it is appropriate to conduct additional quantitative uncertainty analysis, it should follow
best practices for probabilistic analysis.2 The full set of information that underlies the frequency
distributions in Figure ES-1, which have previously been available upon request, are now available on

Office of Management and Budget's (OMB) website for easy public access.

2See e.g. OMB Circular A-4, section on Treatment of Uncertainty. Available at:
https://www.whitehouse.gov/omb/circulars a004 a-4/#e.


https://www.whitehouse.gov/omb/circulars_a004_a-4/%23e

Figure ES-1: Frequency Distribution of SC-CO2 Estimates for 20203
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3Although the distributions in Figure ES-1 are based on the full set of model results (150,000 estimates for each
discount rate), for display purposes the horizontal axis is truncated with 0.1 to 0.6 percent of the estimates lying

below the lowest bin displayed and 0.2 to 3.7 percent of the estimates lying above the highest bin displayed,
depending on the discount rate.



I Purpose

The purpose of this document is to present the current schedule of social cost of carbon (SC-CO,)
estimates, along with an enhanced presentation and discussion of quantified sources of uncertainty
around the estimates to respond to recommendations in the interim report of the National Academies of
Sciences, Engineering, and Medicine (National Academies 2016).% Because the last substantive update to
the SC-CO; estimates occurred in May 2013, this document maintains much of the earlier technical
discussion from the May 2013 TSD. The SC-CO; estimates themselves remain unchanged since the July
2015 revision.

E.O. 13563 commits the Administration to regulatory decision making “based on the best available
science.”® Additionally, the IWG recommended in 2010 that the SC-CO, estimates be revisited on a
regular basis or as model updates that reflect the growing body of scientific and economic knowledge
become available.® By early 2013, new versions of the three integrated assessment models (IAMs) used
by the U.S. government to estimate the SC-CO, (DICE, FUND, and PAGE) were available and had been
published in the peer-reviewed literature. While acknowledging the continued limitations of the approach
taken by the IWG in 2010 (documented in the original 2010 TSD), the May 2013 TSD provided an update
of the SC-CO, estimates based on the latest peer-reviewed version of the models, replacing model
versions that were developed up to ten years earlier in a rapidly evolving field. It did not revisit other
assumptions with regard to the discount rate, reference case socioeconomic and emission scenarios, or
equilibrium climate sensitivity. Improvements in the way damages are modeled were confined to those
that had been incorporated into the latest versions of the models by the developers themselves in the
peer-reviewed literature. The agencies participating in the IWG continue to investigate potential
improvements to the way in which economic damages associated with changes in CO, emissions are
quantified.

Section Il summarizes the major features of the IAMs used in this TSD that were updated in 2013 relative
to the versions of the models used in the 2010 TSD. Section Ill presents the SC-CO; estimates for 2010 —
2050 based on these versions of the models. Section IV discusses the treatment of uncertainty in the

analysis. Section V provides a discussion of other model limitations and research gaps.
Il. Summary of Model Updates

This section briefly reviews the features of the three IAMs used in this TSD (DICE 2010, FUND 3.8, and
PAGE 2009) that were updated by the model developers relative to the versions of the models used by
the IWG in 2010 (DICE 2007, FUND 3.5, and PAGE 2002). The focus here is on describing those model
updates that are relevant to estimating the social cost of carbon, as summarized in Table 1. For example,
both the DICE and PAGE models now include an explicit representation of sea level rise damages. Other

4 In this document, we present all social cost estimates per metric ton of CO- emissions. Alternatively, one could
report the social cost per metric ton of carbon emissions. The multiplier for translating between mass of CO; and
the mass of carbon is 3.67 (the molecular weight of CO: divided by the molecular weight of carbon = 44/12 = 3.67).
5 http://www.whitehouse.gov/sites/default/files/omb/inforeg/e012866/e013563_01182011.pdf

6Seep. 1, 3, 4, 29, and 33 (Interagency Working Group on Social Cost of Carbon 2010).


http://www.whitehouse.gov/sites/default/files/omb/inforeg/eo12866/eo13563_01182011.pdf

revisions to PAGE include: updated adaptation assumptions, revisions to ensure damages are constrained
by GDP, updated regional scaling of damages, and a revised treatment of potentially abrupt shifts in
climate damages. The DICE model’s simple carbon cycle has been updated to be more consistent with a
more complex climate model. The FUND model includes updated damage functions for sea level rise
impacts, the agricultural sector, and reduced space heating requirements, as well as changes to the
transient response of temperature to the buildup of GHG concentrations and the inclusion of indirect
effects of methane emissions. Changes made to parts of the models that are superseded by the IWG’s
modeling assumptions—regarding equilibrium climate sensitivity, discounting, and socioeconomic
variables—are not discussed here but can be found in the references provided in each section below.

Table 1: Summary of Key Model Revisions Relevant to the IWG SC-CO; Estimates

IAM Version used in Version Key changes relevant to IWG SC-CO,
2010 IWG Used since
Analysis May 2013

DICE 2007 2010 Updated calibration of the carbon cycle model and

explicit representation of sea level rise (SLR) and
associated damages.

FUND 3.5 3.8(2012) Updated damage functions for space heating, SLR,
(2009) agricultural impacts, changes to transient response
of temperature to buildup of GHG concentrations,
and inclusion of indirect climate effects of methane.
PAGE 2002 2009 Explicit representation of SLR damages, revisions to
damage function to ensure damages do not exceed
100% of GDP, change in regional scaling of damages,
revised treatment of potential abrupt damages, and
updated adaptation assumptions.

A. DICE

DICE 2010 includes a number of changes over the previous 2007 version used in the 2010 TSD. The model
changes that are relevant for the SC-CO; estimates developed by the IWG include: 1) updated parameter
values for the carbon cycle model, 2) an explicit representation of sea level dynamics, and 3) a re-
calibrated damage function that includes an explicit representation of economic damages from sea level
rise. Changes were also made to other parts of the DICE model—including the equilibrium climate
sensitivity parameter, the rate of change of total factor productivity, and the elasticity of the marginal
utility of consumption—but these components of DICE are superseded by the IWG’s assumptions and so
will not be discussed here. More details on DICE2007 can be found in Nordhaus (2008) and on DICE2010
in Nordhaus (2010). The DICE2010 model and documentation is also available for download from the

homepage of William Nordhaus.
Carbon Cycle Parameters

DICE uses a three-box model of carbon stocks and flows to represent the accumulation and transfer of
carbon among the atmosphere, the shallow ocean and terrestrial biosphere, and the deep ocean. These



parameters are “calibrated to match the carbon cycle in the Model for the Assessment of Greenhouse
Gas Induced Climate Change (MAGICC)” (Nordhaus 2008, p. 44).7 Carbon cycle transfer coefficient values
in DICE2010 are based on re-calibration of the model to match the newer 2009 version of MAGICC
(Nordhaus 2010, p. 2). For example, in DICE2010, in each decade 12 percent of the carbon in the
atmosphere is transferred to the shallow ocean, 4.7 percent of the carbon in the shallow ocean is
transferred to the atmosphere, 94.8 percent remains in the shallow ocean, and 0.5 percent is transferred
to the deep ocean. For comparison, in DICE 2007, 18.9 percent of the carbon in the atmosphere is
transferred to the shallow ocean each decade, 9.7 percent of the carbon in the shallow ocean is
transferred to the atmosphere, 85.3 percent remains in the shallow ocean, and 5 percent is transferred
to the deep ocean.

The implication of these changes for DICE2010 is in general a weakening of the ocean as a carbon sink and
therefore a higher concentration of carbon in the atmosphere than in DICE2007 for a given path of
emissions. All else equal, these changes will generally increase the level of warming and therefore the SC-
CO, estimates in DICE2010 relative to those from DICE2007.

Sea Level Dynamics

A new feature of DICE2010 is an explicit representation of the dynamics of the global average sea level
anomaly to be used in the updated damage function (discussed below). This section contains a brief
description of the sea level rise (SLR) module; a more detailed description can be found on the model
developer’s website.® The average global sea level anomaly is modeled as the sum of four terms that
represent contributions from: 1) thermal expansion of the oceans, 2) melting of glaciers and small ice
caps, 3) melting of the Greenland ice sheet, and 4) melting of the Antarctic ice sheet.

The parameters of the four components of the SLR module are calibrated to match consensus results from
the IPCC’s Fourth Assessment Report (AR4).° The rise in sea level from thermal expansion in each time
period (decade) is 2 percent of the difference between the sea level in the previous period and the long
run equilibrium sea level, which is 0.5 meters per degree Celsius (°C) above the average global
temperature in 1900. The rise in sea level from the melting of glaciers and small ice caps occurs at a rate
of 0.008 meters per decade per °C above the average global temperature in 1900.

The contribution to sea level rise from melting of the Greenland ice sheet is more complex. The
equilibrium contribution to SLR is 0 meters for temperature anomalies less than 1°C and increases linearly
from 0 meters to a maximum of 7.3 meters for temperature anomalies between 1°C and 3.5 °C. The
contribution to SLR in each period is proportional to the difference between the previous period’s sea

7 MAGICC is a simple climate model initially developed by the U.S. National Center for Atmospheric Research that
has been used heavily by the Intergovernmental Panel on Climate Change (IPCC) to emulate projections from more
sophisticated state of the art earth system simulation models (Randall et al. 2007).

8 Documentation on the new sea level rise module of DICE is available on William Nordhaus’ website at:
http://nordhaus.econ.yale.edu/documents/SLR_021910.pdf.

® For a review of post-IPCC AR4 research on sea level rise, see Nicholls et al. (2011) and NAS (2011).
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level anomaly and the equilibrium sea level anomaly, where the constant of proportionality increases with

the temperature anomaly in the current period.

The contribution to SLR from the melting of the Antarctic ice sheet is -0.001 meters per decade when the
temperature anomaly is below 3 °C and increases linearly between 3 °C and 6 °C to a maximum rate of

0.025 meters per decade at a temperature anomaly of 6 °C.
Re-calibrated Damage Function

Economic damages from climate change in the DICE model are represented by a fractional loss of gross
economic output in each period. A portion of the remaining economic output in each period (net of
climate change damages) is consumed and the remainder is invested in the physical capital stock to
support future economic production, so each period's climate damages will reduce consumption in that
period and in all future periods due to the lost investment. The fraction of output in each period that is
lost due to climate change impacts is represented as a sigmoid, or "S"-shaped, function of the temperature
anomaly in the period.10 The loss function in DICE2010 has been expanded by including a quadratic sub-
function of SLR. In DICE2010 the temperature anomaly coefficients have been recalibrated to avoid
double-counting damages from sea level rise that were implicitly included in these parameters in
DICE2007.

The aggregate damages in DICE2010 are illustrated by Nordhaus (2010, p. 3), who notes that "...damages
in the uncontrolled (baseline) [i.e., reference] case ... in 2095 are $12 trillion, or 2.8 percent of global
output, for a global temperature increase of 3.4 oC above 1900 levels." This compares to a loss of 3.2
percent of global output at 3.4 oC in DICE2007. However, in DICE2010, annual damages are lower in most
of the early periods of the modeling horizon but higher in later periods than would be calculated using
the DICE2007 damage function. Specifically, the percent difference between damages in the base run of
DICE2010 and those that would be calculated using the DICE2007 damage function starts at +7 percent in
2005, decreases to a low of -14 percent in 2065, then continuously increases to +20 percent by 2300 (the
end of the IWG analysis time horizon), and to +160 percent by the end of the model time horizon in 2595.
The large increases in the far future years of the time horizon are due to the permanence associated with
damages from sea level rise, along with the assumption that the sea level is projected to continue to rise
long after the global average temperature begins to decrease. The changes to the loss function generally
decrease the IWG SC-CO: estimates slightly given that relative increases in damages in later periods are

discounted more heavily, all else equal.
B. FUND

FUND version 3.8 includes a number of changes over the previous version 3.5 (Narita et al. 2010) used in

the 2010 TSD. Documentation supporting FUND and the model's source code for all versions of the model

10The model and documentation, including formulas, are available on the author's webpage at
http://www.econ.yale.edu/~nordhaus/homepage/RICEmodels.htm.
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is available from the model authors.ll Notable changes, due to their impact on the SC-CO: estimates, are
adjustments to the space heating, agriculture, and sea level rise damage functions in addition to changes
to the temperature response function and the inclusion of indirect effects from methane emissions.12

Each of these is discussed in turn.

Space Heating

In FUND, the damages associated with the change in energy needs for space heating are based on the
estimated impact due to one degree of warming. These baseline damages are scaled based on the
forecasted temperature anomaly's deviation from the one degree benchmark and adjusted for changes
in vulnerability due to economic and energy efficiency growth. In FUND 3.5, the function that scales the
base year damages adjusted for vulnerability allows for the possibility that in some simulations the
benefits associated with reduced heating needs may be an unbounded convex function of the
temperature anomaly. In FUND 3.8, the form of the scaling has been modified to ensure that the function
is everywhere concave and that there will exist an upper bound on the benefits a region may receive from
reduced space heating needs. The new formulation approaches a value of two in the limit of large
temperature anomalies, or in other words, assuming no decrease in vulnerability, the reduced
expenditures on space heating at any level of warming will not exceed two times the reductions
experienced at one degree of warming. Since the reduced need for space heating represents a benefit of
climate change in the model, or a negative damage, this change will increase the estimated SC-CO2. This
update accounts for a significant portion of the difference in the expected SC-CO? estimates reported by

the two versions of the model when run probabilistically.
Sea Level Rise and Land Loss

The FUND model explicitly includes damages associated with the inundation of dry land due to sea level
rise. The amount of land lost within a region depends on the proportion of the coastline being protected
by adequate sea walls and the amount of sea level rise. In FUND 3.5 the function defining the potential
land lost in a given year due to sea level rise is linear in the rate of sea level rise for that year. This
assumption implicitly assumes that all regions are well represented by a homogeneous coastline in length
and a constant uniform slope moving inland. In FUND 3.8 the function defining the potential land lost has

been changed to be a convex function of sea level rise, thereby assuming that the slope of the shore line

11 http://www.fund-model.org/. This report uses version 3.8 of the FUND model, which represents a modest update
to the most recent version of the model to appear in the literature (version 3.7) (Anthoff and Tol, 2013a, 2013b). For
the purpose of computing the SC-CO2, the relevant changes (between 3.7 to 3.8) are associated with improving
consistency with IPCC AR4 by adjusting the atmospheric lifetimes of CHs and N20 and incorporating the indirect
forcing effects of CHs, along with making minor stability improvements in the sea wall construction algorithm.

12 The other damage sectors (water resources, space cooling, land loss, migration, ecosystems, human health, and
extreme weather) were not significantly updated.

10
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increases moving inland. The effect of this change is to typically reduce the vulnerability of some regions
to sea level rise based land loss, thereby lowering the expected SC-CO, estimate. **

13 For stability purposes this report also uses an update to the model which assumes that regional coastal
protection measures will be built to protect the most valuable land first, such that the marginal benefits of coastal
protection is decreasing in the level of protection following Fankhauser (1995).
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Agriculture

In FUND, the damages associated with the agricultural sector are measured as proportional to the sector’s
value. The fraction is bounded from above by one and is made up of three additive components that
represent the effects from carbon fertilization, the rate of temperature change, and the level of the
temperature anomaly. In both FUND 3.5 and FUND 3.8, the fraction of the sector’s value lost due to the
level of the temperature anomaly is modeled as a quadratic function with an intercept of zero. In FUND
3.5, the coefficients of this loss function are modeled as the ratio of two random normal variables. This
specification had the potential for unintended extreme behavior as draws from the parameter in the
denominator approached zero or went negative. In FUND 3.8, the coefficients are drawn directly from
truncated normal distributions so that they remain in the range [0,o0) and (—,0], respectively,
ensuring the correct sign and eliminating the potential for divide-by-zero errors. The means for the new
distributions are set equal to the ratio of the means from the normal distributions used in the previous
version. In general the impact of this change has been to decrease the range of the distribution while
spreading out the distributions’ mass over the remaining range relative to the previous version. The net
effect of this change on the SC-CO, estimates is difficult to predict.

Transient Temperature Response

The temperature response model translates changes in global levels of radiative forcing into the current
expected temperature anomaly. In FUND, a given year’s increase in the temperature anomaly is based on
a mean reverting function where the mean equals the equilibrium temperature anomaly that would
eventually be reached if that year’s level of radiative forcing were sustained. The rate of mean reversion
defines the rate at which the transient temperature approaches the equilibrium. In FUND 3.5, the rate of
temperature response is defined as a decreasing linear function of equilibrium climate sensitivity to
capture the fact that the progressive heat uptake of the deep ocean causes the rate to slow at higher
values of the equilibrium climate sensitivity. In FUND 3.8, the rate of temperature response has been
updated to a quadratic function of the equilibrium climate sensitivity. This change reduces the sensitivity
of the rate of temperature response to the level of the equilibrium climate sensitivity, a relationship first
noted by Hansen et al. {1985) based on the heat uptake of the deep ocean. Therefore in FUND 3.8, the
temperature response will typically be faster than in the previous version. The overall effect of this change
is likely to increase estimates of the SC-CO; as higher temperatures are reached during the timeframe
analyzed and as the same damages experienced in the previous version of the model are now experienced
earlier and therefore discounted less.

Methane

The IPCC AR4 notes a series of indirect effects of methane emissions, and has developed methods for
proxying such effects when computing the global warming potential of methane (Forster et al. 2007).
FUND 3.8 now includes the same methods for incorporating the indirect effects of methane emissions.
Specifically, the average atmospheric lifetime of methane has been set to 12 years to account for the
feedback of methane emissions on its own lifetime. The radiative forcing associated with atmospheric
methane has also been increased by 40% to account for its net impact on ozone production and

12



stratospheric water vapor. This update to the model is relevant for the SC-CO; because most of the
damage functions are non-linear functions of the temperature anomaly, which represents the fact that as
the climate system becomes more stressed an additional unit of warming will have a greater impact on
damages. Accounting for the indirect effects of CHs emissions on temperature will therefore move the
model further up the damage curves in the baseline, making a marginal change in emissions of CO, more
impactful. All else equal, the effect of this increased radiative forcing will be to increase the estimated SC-

CO;, values, due to greater projected temperature anomaly.
C. PAGE

PAGEQ9 (Hope 2013) includes a number of changes from PAGE2002, the version used in the 2010 TSD.
The changes that most directly affect the SC-CO; estimates include: explicitly modeling the impacts from
sea level rise, revisions to the damage function to ensure damages are constrained by GDP, a change in
the regional scaling of damages, a revised treatment for the probability of a discontinuity within the
damage function, and revised assumptions on adaptation. The model also includes revisions to the carbon
cycle feedback and the calculation of regional temperatures.* More details on PAGE09 can be found in
Hope (2011a, 2011b, 2011c). A description of PAGE2002 can be found in Hope (2006).

Sea Level Rise

While PAGE2002 aggregates all damages into two categories—economic and non-economic impacts—
PAGEQ9 adds a third explicit category: damages from sea level rise. In the previous version of the model,
damages from sea level rise were subsumed by the other damage categories. In PAGEQ9 sea level damages
increase less than linearly with sea level under the assumption that land, people, and GDP are more
concentrated in low-lying shoreline areas. Damages from the economic and non-economic sectors were
adjusted to account for the introduction of this new category.

Revised Damage Function to Account for Saturation

In PAGEQ9, small initial economic and non-economic benefits (negative damages) are modeled for small
temperature increases, but all regions eventually experience economic damages from climate change,
where damages are the sum of additively separable polynomial functions of temperature and sea level
rise. Damages transition from this polynomial function to a logistic path once they exceed a certain
proportion of remaining Gross Domestic Product (GDP) to ensure that damages do not exceed 100 percent
of GDP. This differs from PAGE2002, which allowed Eastern Europe to potentially experience large
benefits from temperature increases, and which also did not bound the possible damages that could be
experienced.

14 Because several changes in the PAGE model are structural (e.g., the addition of sea level rise and treatment of
discontinuity), it is not possible to assess the direct impact of each change on the SC-CO: in isolation as done for
the other two models above.

13



Regional Scaling Factors

As in the previous version of PAGE, the PAGEQO9 model calculates the damages for the European Union
(EU) and then, assumes that damages for other regions are proportional based on a given scaling factor.
The scaling factors in PAGEQ9 are based on the length of each region’s coastline relative to the EU (Hope
2011b). Because of the long coastline in the EU, other regions are, on average, less vulnerable than the
EU for the same sea level and temperature increase, but all regions have a positive scaling factor.
PAGE2002 based its scaling factors on four studies reported in the IPCC’s third assessment report, and
allowed for benefits from temperature increases in Eastern Europe, smaller impacts in developed
countries, and higher damages in developing countries.

Probability of a Discontinuity

In PAGE2002, the damages associated with a “discontinuity” (nonlinear extreme event) were modeled as
an expected value. Specifically, a stochastic probability of a discontinuity was multiplied by the damages
associated with a discontinuity to obtain an expected value, and this was added to the economic and non-
economic impacts. That is, additional damages from an extreme event, such as extreme melting of the
Greenland ice sheet, were multiplied by the probability of the event occurring and added to the damage
estimate. In PAGEQY, the probability of discontinuity is treated as a discrete event for each year in the
model. The damages for each model run are estimated either with or without a discontinuity occurring,
rather than as an expected value. A large-scale discontinuity becomes possible when the temperature
rises beyond some threshold value between 2 and 4°C. The probability that a discontinuity will occur
beyond this threshold then increases by between 10 and 30 percent for every 1°C rise in temperature
beyond the threshold. If a discontinuity occurs, the EU loses an additional 5 to 25 percent of its GDP
(drawn from a triangular distribution with a mean of 15 percent) in addition to other damages, and other
regions lose an amount determined by their regional scaling factor. The threshold value for a possible
discontinuity is lower than in PAGE2002, while the rate at which the probability of a discontinuity
increases with the temperature anomaly and the damages that result from a discontinuity are both higher
than in PAGE2002. The model assumes that only one discontinuity can occur and that the impact is phased

in over a period of time, but once it occurs, its effect is permanent.
Adaptation

As in PAGE2002, adaptation is available to help mitigate any climate change impacts that occur. In PAGE
this adaptation is the same regardless of the temperature change or sea level rise and is therefore akin to
what is more commonly considered a reduction in vulnerability. It is modeled by reducing the damages
by some percentage. PAGEQ9 assumes a smaller decrease in vulnerability than the previous version of the
model and assumes that it will take longer for this change in vulnerability to be realized. In the aggregated
economic sector, at the time of full implementation, this adaptation will mitigate all damages up to a
temperature increase of 1°C, and for temperature anomalies between 1°C and 2°C, it will reduce damages
by 15-30 percent (depending on the region). However, it takes 20 years to fully implement this adaptation.
In PAGE2002, adaptation was assumed to reduce economic sector damages up to 2°C by 50-90 percent

after 20 years. Beyond 2°C, no adaptation is assumed to be available to mitigate the impacts of climate
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change. For the non-economic sector, in PAGEQ9 adaptation is available to reduce 15 percent of the
damages due to a temperature increase between 0°C and 2°C and is assumed to take 40 years to fully
implement, instead of 25 percent of the damages over 20 years assumed in PAGE2002. Similarly,
adaptation is assumed to alleviate 25-50 percent of the damages from the first 0.20 to 0.25 meters of sea
level rise but is assumed to be ineffective thereafter. Hope (2011c) estimates that the less optimistic
assumptions regarding the ability to offset impacts of temperature and sea level rise via adaptation

increase the SC-CO, by approximately 30 percent.
Other Noteworthy Changes

Two other changes in the model are worth noting. There is a change in the way the model accounts for
decreased CO, absorption on land and in the ocean as temperature rises. PAGEQ9 introduces a linear
feedback from global mean temperature to the percentage gain in the excess concentration of CO,,
capped at a maximum level. In PAGE2002, an additional amount was added to the CO, emissions each
period to account for a decrease in ocean absorption and a loss of soil carbon. Also updated is the method
by which the average global and annual temperature anomaly is downscaled to determine annual average
regional temperature anomalies to be used in the regional damage functions. In PAGE2002, the scaling
was determined solely based on regional difference in emissions of sulfate aerosols. In PAGEQ9, this
regional temperature anomaly is further adjusted using an additive factor that is based on the average
absolute latitude of a region relative to the area weighted average absolute latitude of the Earth’s
landmass, to capture relatively greater changes in temperature forecast to be experienced at higher
latitudes.

1. SC-CO, Estimates

The three IAMs were run using the same methodology detailed in the 2010 TSD (Interagency Working
Group on Social Cost of Carbon 2010). The approach, along with the inputs for the socioeconomic
emissions scenarios, equilibrium climate sensitivity distribution, and discount rate remains the same. This
includes the five reference scenarios based on the EMF-22 modeling exercise, the Roe and Baker
equilibrium climate sensitivity distribution calibrated to the IPCC AR4, and three constant discount rates
of 2.5, 3, and 5 percent.

As was previously the case, use of three models, three discount rates, and five scenarios produces 45
separate frequency distributions of SC-CO; estimates in a given year. The approach laid out in the 2010
TSD applied equal weight to each model and socioeconomic scenario in order to reduce the dimensionality
down to three separate distributions, one for each of the three discount rates. The IWG selected four
values from these distributions for use in regulatory analysis. Three values are based on the average SC-
CO; across models and socioeconomic and emissions scenarios at the 2.5, 3, and 5 percent discount rates,
respectively. The fourth value is included to provide information on the marginal damages associated with
lower-probability, higher-impact outcomes that would be particularly harmful to society. As discussed in
the 2010 TSD, there is extensive evidence in the scientific and economic literature of the potential for
lower-probability, higher-impact outcomes from climate change, which would be particularly harmful to
society and thus relevant to the public and policymakers. This points to the relevance of values above the
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mean in right skewed distributions. Accordingly, this fourth value is selected from further out in the tails
of the frequency distribution of SC-CO, estimates, and, in particular, is set to the 95 percentile of the
frequency distribution of SC-CO, estimates based on a 3 percent discount rate. (A detailed set of
percentiles by model and scenario combination and additional summary statistics for the 2020 values is
available in Appendix A.) As noted in the 2010 TSD, “the 3 percent discount rate is the central value, and
so the central value that emerges is the average SC-CO; across models at the 3 percent discount rate”
(Interagency Working Group on Social Cost of Carbon 2010, p. 25). However, for purposes of capturing
the uncertainties involved in regulatory impact analysis, the IWG emphasizes the importance and value

of including all four SC-CO; values.

Table 2 shows the four selected SC-CO; estimates in five year increments from 2010 to 2050. Values for
2010, 2020, 2030, 2040, and 2050 are calculated by first combining all outputs (10,000 estimates per
model run) from all scenarios and models for a given discount rate. Values for the years in between are
calculated using linear interpolation. The full set of revised annual SC-CO; estimates between 2010 and
2050 is reported in the Appendix and the full set of model results are available on the OMB website.®

Table 2: Social Cost of CO,, 2010 — 2050 (in 2007 dollars per metric ton of CO,)

Year 5% 3% 2.5% High Impact
Average Average | Average |(95%Pct at3%)
2010 10 31 50 86
2015 11 36 56 105
2020 12 42 62 123
2025 14 46 68 138
2030 16 50 73 152
2035 18 55 78 168
2040 21 60 84 183
2045 23 64 89 197
2050 26 69 95 212

As was the case in the 2010 TSD, the SC-CO; increases over time because future emissions are expected
to produce larger incremental damages as physical and economic systems become more stressed in
response to greater climatic change, and because GDP is growing over time and many damage categories
are modeled as proportional to gross GDP. The approach taken by the IWG is to compute the cost of a
marginal ton emitted in the future by running the models for a set of perturbation years out to 2050.
Table 3 illustrates how the growth rate for these four SC-CO, estimates varies over time.

15 https://www.whitehouse.gov/omb/oira/social-cost-of-carbon.
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Table 3: Average Annual Growth Rates of SC-CO, Estimates between 2010 and 2050

Average Annual Growth 5.0% 3.0% 2.5% 3.0%
Rate (%) Avg Avg Avg 95th
2010-2020 1.2% 3.2% 2.4% 4.4%
2020-2030 3.4% 2.1% 1.7% 2.3%
2030-2040 3.0% 1.9% 1.5% 2.0%
2040-2050 2.6% 1.6% 1.3% 1.6%

The future monetized value of emission reductions in each year (the SC-CO; in year t multiplied by the
change in emissions in year t) must be discounted to the present to determine its total net present value
for use in regulatory analysis. As previously discussed in the 2010 TSD, damages from future emissions
should be discounted at the same rate as that used to calculate the SC-CO; estimates themselves to ensure
internal consistency—i.e., future damages from climate change, whether they result from emissions today
or emissions in a later year, should be discounted to the base year of the analysis using the same rate.

Current guidance contained in OMB Circular A-4 indicates that analysis of economically significant
proposed and final regulations from the domestic perspective is required, while analysis from the
international perspective is optional. However, the IWG (including OMB) determined that a modified
approach is more appropriate in this case because the climate change problem is highly unusual in a
number of respects. First, it involves a global externality: emissions of most greenhouse gases contribute
to damages around the world even when they are emitted in the United States—and conversely,
greenhouse gases emitted elsewhere contribute to damages in the United States. Consequently, to
address the global nature of the problem, the SC-CO, must incorporate the full (global) damages caused
by GHG emissions. Second, climate change presents a problem that the United States alone cannot solve.
Other countries will also need to take action to reduce emissions if significant changes in the global climate
are to be avoided. Emphasizing the need for a global solution to a global problem, the United States has
been actively involved in seeking international agreements to reduce emissions. For example, the United
States joined over 170 other nations and signed the Paris Agreement on April 22, 2016, signaling
worldwide commitment to reduce GHG emissions. The United States has been active in encouraging other
nations, including emerging major economies, to take significant steps to reduce emissions. Using a global
estimate of damages in U.S. regulatory analyses sends a strong signal to other nations that they too should
base their emissions reductions strategies on a global perspective, thus supporting a cooperative and
mutually beneficial approach to achieving needed reduction. Thirteen prominent academics noted that
these "are compelling reasons to focus on a global [SC-CO,]" in a recent article on the SC-CO, (Pizer et al.
2014). In addition, adverse impacts on other countries can have spillover effects on the United States,
particularly in the areas of national security, international trade, public health, and humanitarian
concerns. When these considerations are taken as a whole, the IWG concluded that a global measure of
the benefits from reducing U.S. emissions is appropriate. For additional discussion, see the 2010 TSD.
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Iv. Treatment of Uncertainty

Uncertainty about the value of the SC-CO; is in part inherent, as with any analysis that looks into the
future, but it is also driven by current data gaps associated with the complex physical, economic, and
behavioral processes that link GHG emissions to human health and well-being. Some sources of
uncertainty pertain to aspects of the natural world, such as quantifying the physical effects of greenhouse
gas emissions on Earth systems. Other sources of uncertainty are associated with current and future
human behavior and well-being, such as population and economic growth, GHG emissions, the translation
of Earth system changes to economic damages, and the role of adaptation. It is important to note that
even in the presence of uncertainty, scientific and economic analysis can provide valuable information to
the public and decision makers, though the uncertainty should be acknowledged and when possible taken
into account in the analysis. This section summarizes the sources of uncertainty that the IWG was able to
consider in a quantitative manner in estimating the SC-CO,. Further discussion on sources of uncertainty
that are active areas of research and have not yet been fully quantified in the SC-CO; estimates is provided
in Section V and in the 2010 TSD.

In developing the SC-CO, estimates, the IWG considered various sources of uncertainty through a
combination of a multi-model ensemble, probabilistic analysis, and scenario analysis. For example, the
three IAMs used collectively span a wide range of Earth system and economic outcomes to help reflect
the uncertainty in the literature and in the underlying dynamics being modeled. The use of an ensemble
of three different models is also intended to, at least partially, address the fact that no single model
includes all of the quantified economic damages. It also helps to reflect structural uncertainty across the
models, which is uncertainty in the underlying relationships between GHG emissions, Earth systems, and
economic damages that are included in the models. Bearing in mind the different limitations of each
model (discussed in the 2010 TSD) and lacking an objective basis upon which to differentially weight the
models, the three IAMs are given equal weight in the analysis.

The IWG used Monte Carlo techniques to run the IAMs a large number of times. In each simulation the
uncertain parameters are represented by random draws from their defined probability distributions. In
all three models the equilibrium climate sensitivity is treated probabilistically based on the probability
distribution described in the 2010 TSD. The equilibrium climate sensitivity is a key parameter in this
analysis because it helps define the strength of the climate response to increasing GHG concentrations in
the atmosphere. In addition, the FUND and PAGE models define many of their parameters with probability
distributions instead of point estimates. For these two models, the model developers’ default probability
distributions are maintained for all parameters other than those superseded by the IWG’s harmonized
inputs (i.e., equilibrium climate sensitivity, socioeconomic and emissions scenarios, and discount rates).

More information on the uncertain parameters in PAGE and FUND is presented in Appendix C.

For the socioeconomic and emissions scenarios, uncertainty is included in the analysis by considering a
range of scenarios, which are described in detail in the 2010 SC-CO, TSD. As noted in the 2010 TSD, while
the IWG considered formally assigning probability weights to the different socioeconomic scenarios
selected, it came to the conclusion that this could not be accomplished in an analytically rigorous way
given the dearth of information on the likelihood of a full range of future socioeconomic pathways. Thus,
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the IWG determined that, because no basis for assigning differential weights was available, the most
transparent way to present a range of uncertainty was simply to weight each of the five scenarios equally
for the consolidated estimates. To provide additional information as to how the results vary with the
scenarios, summarized results for each scenario are presented separately in Appendix A. The results of
each model run are available on the OMB website.

Finally, based on the review of the literature, the IWG chose discount rates that reflect reasonable
judgements under both prescriptive and descriptive approaches to intergenerational discounting. As
discussed in the 2010 TSD, in light of disagreement in the literature on the appropriate discount rate to
use in this context and uncertainty about how rates may change over time, the IWG selected three
certainty-equivalent constant discount rates to span a plausible range: 2.5, 3, and 5 percent per year.
However, unlike the approach taken for consolidating results across models and socioeconomic and
emissions scenarios, the SC-CO, estimates are not pooled across different discount rates because the
range of discount rates reflects both uncertainty and, at least in part, different policy or value judgements.

The outcome of accounting for various sources of uncertainty using the approaches described above is a
frequency distribution of the SC-CO; estimates for emissions occurring in a given year for each of the three
discount rates. These frequency distributions reflect the uncertainty around the input parameters for
which probability distributions were defined, as well as from the multi-model ensemble and
socioeconomic and emissions scenarios where probabilities were implied by the equal weighting
assumption. It is important to note that the set of SC-CO, estimates obtained from this analysis does not
yield a probability distribution that fully characterizes uncertainty about the SC-CO; due to impact
categories omitted from the models and sources of uncertainty that have not been fully characterized due
to data limitations.

Figure 1 presents the frequency distribution of the SC-CO; estimates for emissions in 2020 for each of the
three discount rates. Each of these distributions represents 150,000 estimates based on 10,000
simulations for each combination of the three models and five socioeconomic and emissions scenarios.!®
In general, the distributions are skewed to the right and have long right tails, which tend to be even longer
for lower discount rates. To highlight the difference between the impact of the discount rate on the SC-
CO; and other quantified sources of uncertainty, the bars below the frequency distributions provide a
symmetric representation of quantified variability in the SC-CO, estimates conditioned on each discount
rate. The full set of SC-CO; results through 2050 is available on OMB’s website. This may be useful to
analysts in situations that warrant additional quantitative uncertainty analysis (e.g., as recommended by
OMB for rules that exceed $1 billion in annual benefits or costs). See OMB Circular A-4 for guidance and
discussion of best practices in conducting uncertainty analysis in RIAs.

& Although the distributions in Figure 1 are based on the full set of model results (150,000 estimates for each
discount rate), for display purposes the horizontal axis is truncated with 0.1 to 0.6 percent of the estimates lying
below the lowest bin displayed and 0.2 to 3.7 percent of the estimates lying above the highest bin displayed,
depending on the discount rate.
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Figure 1: Frequency Distribution of SC-COz Estimates for 2020 (in 2007$ per metric ton COz2)
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As previously described, the SC-CO: estimates produced by the IWG are based on a rigorous approach to
accounting for quantifiable uncertainty using multiple analytical techniques. In addition, the scientific and
economics literature has further explored known sources of uncertainty related to estimates of the SC-
CO2. For example, researchers have published papers that explore the sensitivity of IAMs and the resulting
SC-CO: estimates to different assumptions embedded in the models (see, e.g., Hope (2013), Anthoff and
Tol (2013a), and Nordhaus (2014)). However, there remain additional sources of uncertainty that have
not been fully characterized and explored due to remaining data limitations. Additional research is needed
in order to expand the quantification of various sources of uncertainty in estimates of the SC-CO: (e.g.,
developing explicit probability distributions for more inputs pertaining to climate impacts and their
valuation). The IWG is actively following advances in the scientific and economic literature that could

provide guidance on, or methodologies for, a more robust incorporation of uncertainty.
V. Other Model Limitations and Research Gaps

The 2010 SC-CO2 TSD discusses a number of important limitations for which additional research is needed.
In particular, the document highlights the need to improve the quantification of both non-catastrophic
and catastrophic damages, the treatment of adaptation and technological change, and the way in which
inter-regional and inter-sectoral linkages are modeled. While the more recent versions of the models
discussed above offer some improvements in these areas, further research is still needed. Currently, IAMs

do not include all of the important physical, ecological, and economic impacts of climate change
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recognized in the climate change literature due to a lack of precise information on the nature of damages
and because the science incorporated into these models understandably lags behind the most recent
research.'” These individual limitations do not all work in the same direction in terms of their influence
onthe SC-CO; estimates; however, it is the IWG’s judgment that, taken together, these limitations suggest
that the SC-CO, estimates are likely conservative. In particular, the IPCC Fourth Assessment Report (Meehl
et al. 2007), which was the most current IPCC assessment available at the time of the IWG’s 2009-2010
review, concluded that SC-CO; estimates “very likely...underestimate the damage costs” due to omitted
impacts. Since then, the peer-reviewed literature has continued to support this conclusion, as noted in
the IPCC Fifth Assessment report (Oppenheimer et al. 2014).

Another area of active research relates to intergenerational discounting, including the application of
discount rates to regulations in which some costs and benefits accrue intra-generationally while others
accrue inter-generationally. Some experts have argued that a declining discount rate would be
appropriate to analyze impacts that occur far into the future (Arrow et al. 2013). However, additional
research and analysis is still needed to develop a methodology for implementing a declining discount rate
and to understand the implications of applying these theoretical lessons in practice.

The 2010 TSD also discusses the need to more carefully assess the implications of risk aversion for SC-CO,
estimation as well as the substitution possibilities between climate and non-climate goods at higher
temperature increases, both of which have implications for the discount rate used. EPA, DOE, and other
agencies continue to engage in research on modeling and valuation of climate impacts that can potentially
improve SC-CO, estimation in the future. See the 2010 SC-CO, TSD for the full discussion.

17 See, for example, Howard (2014) and EPRI (2014) for recent discussions.
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Appendix A

Table Al: Annual SC-CO; Values: 2010-2050 (2007S/metric ton CO;)

Year 5% 3% 2.5% High Impact
Average Average Average (95 Pct at 3%)
2010 10 31 50 86
2011 11 32 51 90
2012 11 33 53 93
2013 11 34 54 97
2014 11 35 55 101
2015 11 36 56 105
2016 11 38 57 108
2017 11 39 59 112
2018 12 40 60 116
2019 12 41 61 120
2020 12 42 62 123
2021 12 42 63 126
2022 13 43 64 129
2023 13 44 65 132
2024 13 45 66 135
2025 14 46 68 138
2026 14 47 69 141
2027 15 48 70 143
2028 15 49 71 146
2029 15 49 72 149
2030 16 50 73 152
2031 16 51 74 155
2032 17 52 75 158
2033 17 53 76 161
2034 18 54 77 164
2035 18 55 78 168
2036 19 56 79 171
2037 19 57 81 174
2038 20 58 82 177
2039 20 59 83 180
2040 21 60 84 183
2041 21 61 85 186
2042 22 61 86 189
2043 22 62 87 192
2044 23 63 88 194
2045 23 64 89 197
2046 24 65 90 200
2047 24 66 92 203
2048 25 67 93 206
2049 25 68 94 209
2050 26 69 95 212
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Table A2: 2020 Global SC-CO, Estimates at 2.5 Percent Discount Rate (2007S/metric ton CO,)

Percentile 1st 5th 10th 25th 50th Avg 75th 90th 95th 99th
Scenario®® PAGE

IMAGE 6 10 15 26 55 123 133 313 493 949
MERGE Optimistic 4 6 8 15 32 75 79 188 304 621
MESSAGE 4 7 10 19 41 104 103 266 463 879
MiniCAM Base 5 8 12 21 45 102 108 255 412 835
5th Scenario 2 4 6 11 24 81 66 192 371 915
Scenario DICE

IMAGE 25 31 37 47 64 72 92 123 139 161
MERGE Optimistici 14 18 20 26 36 40 50 65 74 85
MESSAGE 20 24 28 37 51 58 71 95 109 221
MiniCAM Base 20 25 29 38 53 61 76 102 117 135
5th Scenario 17 22 25 33 45 52 65 91 106 126
Scenario FUND

IMAGE -14 -2 4 15 31 39 55 86 107 157
MERGE Optimistici -6 1 6 14 27 35 46 70 87 141
MESSAGE -16 -5 1 11 24 31 43 67 83 126
MiniCAM Base -7 2 7 16 32 39 55 83 103 158
5th Scenario -29 -13 -6 4 16 21 32 53 69 103

Table A3: 2020 Global SC-CO, Estimates at 3 Percent Discount Rate (2007S$/metric ton CO;)

Percentile 1st 5th 10th 25th 50th Avg 75th 90th 95th 99th
Scenario PAGE

IMAGE 4 7 9 17 36 87 91 228 369 696
MERGE Optimistic 2 4 6 10 22 54 55 136 222 461
MESSAGE 3 5 7 13 28 72 71 188 316 614
MiniCAM Base 3 5 7 13 29 70 72 177 288 597
5th Scenario 1 3 4 7 16 55 46 130 252 632
Scenario DICE

IMAGE 16 21 24 32 43 48 60 79 90 102
MERGE Optimistic; 10 13 15 19 25 28 35 44 50 58
MESSAGE 14 18 20 26 35 40 49 64 73 83
MiniCAM Base 13 17 20 26 35 39 49 65 73 85
5th Scenario 12 15 17 22 30 34 43 58 67 79
Scenario FUND

IMAGE -13 -4 0 8 18 23 33 51 65 99
MERGE Optimistic; -7 -1 2 8 17 21 29 45 57 95
MESSAGE -14 -6 -2 5 14 18 26 41 52 82
MiniCAM Base -7 -1 3 9 19 23 33 50 63 101
5th Scenario -22 -11 -6 1 8 11 18 31 40 62

18 See 2010 TSD for a description of these scenarios.
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Table A4: 2020 Global SC-CO, Estimates at 5 Percent Discount Rate (2007S$/metric ton CO;)

Percentile 1st 5th 10th 25th 50th Avg 75th 90th 95th 99th
Scenario PAGE

IMAGE 1 2 2 4 10 27 26 68 118 234
MERGE Optimistic 1 1 2 3 6 17 17 43 72 146
MESSAGE 1 1 2 4 8 23 22 58 102 207
MiniCAM Base 1 1 2 3 8 20 20 52 90 182
5th Scenario 0 1 1 2 5 17 14 39 75 199
Scenario DICE

IMAGE 6 8 9 11 14 15 18 22 25 27

MERGE Optimistic 4 5 6 7 9 10 12 15 16 18

MESSAGE 6 7 8 10 12 13 16 20 22 25

MiniCAM Base 5 6 7 8 11 12 14 18 20 22

5th Scenario 5 6 6 8 10 11 14 17 19 21

Scenario FUND

IMAGE -9 -5 -4 -1 2 3 6 10 14 24

MERGE Optimistici -6 -4 -2 0 3 4 6 11 15 26

MESSAGE -10 -6 -4 -1 1 2 5 9 12 21

MiniCAM Base -7 -4 -2 0 3 4 6 11 14 25

5th Scenario -11 -7 -5 -3 0 0 3 5 7 13
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Table A5: Additional Summary Statistics of 2020 Global SC-CO, Estimates

Discount rate: 5.0% 3.0% 2.5%

Statistic: Mean Variance Skewness Kurtosis Mean Variance Skewness Kurtosis Mean Variance Skewness Kurtosis
DICE 12 26 2 15 38 409 3 24 57 1097 3 30
PAGE 21 1481 5 32 68 13712 4 22 97 26878 4 23
FUND 3 41 5 179 19 1452 -42 8727 33 6154 -73 14931
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Appendix B

The November 2013 revision of this TSD is based on two corrections to the runs based on the FUND model.
First, the potential dry land loss in the algorithm that estimates regional coastal protections was
misspecified in the model's computer code. This correction is covered in an erratum to Anthoff and Tol
(2013a) published in the same journal (Climatic Change) in October 2013 (Anthoff and Tol (2013b)).
Second, the equilibrium climate sensitivity distribution was inadvertently specified as a truncated Gamma
distribution (the default in FUND) as opposed to the truncated Roe and Baker distribution as was intended.
The truncated Gamma distribution used in the FUND runs had approximately the same mean and upper
truncation point, but lower variance and faster decay of the upper tail, as compared to the intended
specification based on the Roe and Baker distribution. The difference between the original estimates

reported in the May 2013 version of this TSD and this revision are generally one dollar or less.

The July 2015 revision of this TSD is based on two corrections. First, the DICE model had been run up to
2300 rather than through 2300, as was intended, thereby leaving out the marginal damages in the last
year of the time horizon. Second, due to an indexing error, the results from the PAGE model were in 2008
U.S. dollars rather than 2007 U.S. dollars, as was intended. In the current revision, all models have been
run through 2300, and all estimates are in 2007 U.S. dollars. On average the revised SC-CO: estimates are
one dollar less than the mean SC-CO: estimates reported in the November 2013 version of this TSD. The
difference between the 95th percentile estimates with a 3% discount rate is slightly larger, as those

estimates are heavily influenced by results from the PAGE model.

The July 2016 revision provides additional discussion of uncertainty in response to recommendations from
the National Academy of Sciences, Engineering, and Medicine. It does not revisit the IWG's 2010
methodological decisions or update the schedule of SC-CO: estimates presented in the July 2015 revision.
The IWG is currently seeking external expert advice from the National Academies on the technical merits
and challenges of potential approaches to future updates of the SC-CO: estimates presented in this TSD.
To date, the Academies' committee has issued an interim report that recommended against a near-term
update to the SC-CO: estimates, but included recommendations for enhancing the presentation and
discussion of uncertainty around the current estimates. This revision includes additional information that
the IWG determined was appropriate to respond to these recommendations. Specifically, the executive
summary presents more information about the range of quantified uncertainty in the SC-CO? estimates
(including a graphical representation of symmetric high and low values from the frequency distribution of
SC-CO: estimates conditional on each discount rate), and a new section has also been added that provides
a unified discussion of the various sources of uncertainty and how they were handled in estimating the
SC-CO2. Efforts to make the sources of uncertainty clear have also been enhanced with the addition of a
new appendix that describes in more detail the uncertain parameters in both the FUND and PAGE models
(Appendix C). Furthermore, the full set of SC-CO2 modeling results, which have previously been available
upon request, are now provided on the OMB website for easy access. The Academies' final report
(expected in early 2017) will provide longer term recommendations for a more comprehensive update.
For more information on the status of the Academies' process, see:
http://sites.nationalacademies.org/DBASSE/BECS/CurrentProiects/ DBASSE 167526.
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Appendix C

This appendix provides a general overview of the parameters that are treated probabilistically in each of
the three integrated assessment models the IWG used to estimate the SC-COz. In the DICE model the only
uncertain parameter considered was the equilibrium climate sensitivity as defined by the probability
distribution harmonized across the three models. By default, all of the other parameters in the model are
defined by point estimates and these definitions were maintained by the IWG. In the FUND and PAGE
models many of the parameters, beyond the equilibrium climate sensitivity, are defined by probability
distributions in the default versions of the models. The IWG maintained these default assumptions and
allowed these parameters to vary in the Monte Carlo simulations conducted with the FUND and PAGE

models.
Default Uncertainty Assumptions in FUND

In the version of the FUND model used by the IWG (version 3.8.1) over 90 of the over 150 parameters in
the model are defined by probability distributions instead of point estimates, and for 30 of those
parameters the values vary across the model's 16 regions. This includes parameters related to the physical
and economic components of the model. The default assumptions in the model include parameters whose
probability distributions are based on the normal, Gamma, and triangular distributions. In most cases the
distributions are truncated from above or below. The choice of distributions and parameterizations are
based on the model developers' assessment of the scientific and economic literature. Complete
information on the exact probability distributions specified for each uncertain parameter is provided
through the model's documentation, input data, and source code, available at: http://www.fund-

model.org/home.

The physical components of the model map emissions to atmospheric concentrations, then map those
concentrations to radiative forcing, which is then mapped to changes in global mean temperature.
Changes in temperature are then used to estimate sea level rise. The parameters treated probabilistically
in these relationships may be grouped into three main categories: atmospheric lifetimes, speed of
temperature response, and sea level rise. First, atmospheric concentrations are determined by one box
models, that capture a single representative sink, for each of the three non-CO2 GHGs and a five box model
for COz, that represents the multiple sinks in the carbon cycle that operate on different time frames. In
each of these boxes, the lifetime of additions to the atmospheric concentration in the box are treated as

uncertain. Second, parameters associated with speed at which the climate responds to changes in

radiative forcing are treated as uncertain. In the FUND model radiative forcing, Rt, is mapped to changes

in global mean temperature, Tt, through

/ECS

T=T, += Rt —-Ti
di + d2ECS + d3eCcs? K<)

30


http://www.fund-

where the probability distribution for the equilibrium climate sensitivity, ECS, was harmonized across

the models as discussed in the 2010 TSD. The parameters (9, define the speed at which the temperature

anomaly responds to changes in radiative forcing and are treated as uncertain in the model. Third, sea
level rise is treated as a mean reverting function, where the mean is determined as proportional to the
current global mean temperature anomaly. Both this proportionality parameter and the rate of mean
reversion in this relationship are treated as uncertain in the model.

The economic components of the model map changes in the physical components to monetized damages.
To place the uncertain parameters of the model associated with mapping physical endpoints to damages
in context, it is useful to consider the general form of the damage functions in the model. Many of the
damage functions in the model have forms that are roughly comparable to

b4 ¢
yr,t Nr,t

T, (1)
yr,b Nr,b t

= arYr tﬂr t

where (, is the damage at a 1 °C global mean temperature increase as a fraction of regional GDP, v .- The

model considers numerous changes that may reduce a region’s benchmark vulnerability to climate
change. For example, 3 represents the elasticity of damages with respect to changes in the region’s GDP

per capita , relative to a benchmark value ; ¢ represents the elasticity of damages with

P Ve ' Vb

respect to changes in the region’s population, , , relative to a benchmark value, 5, N and the projection
i provides for an exogenous reduction in vulnerability (e.g., forecast energy efficiency improvements

the affect space cooling costs). Once the benchmark damages have been scaled due to changes in
vulnerability they are adjusted based on a non-linear scaling of the level of climate change forecast, using
a power function with the exponent, & .

Some damage categories have damage function specifications that differ from the example in (1). For
example, agriculture and forestry damages take atmospheric concentrations of CO; and the rate of climate
change into account in different forms, though the method by which they calculate the monetized impact
in these cases is similar with respect to accounting for GDP growth and changes in vulnerability. In other
cases the process by which damages are estimated is more complex. For example, in estimating damages
from sea level rise the model considers explicit regional decision makers that choose levels of coastal
protection in a given year based on a benefit-cost test. In estimating the damages from changes in
cardiovascular mortality risk the model considers forecast changes in the proportion of the population
over the age of 65 and deemed most vulnerable by the model developers. Other damage categories may
also have functional forms that differ slightly from (1), but in general this form provides a useful
framework for discussing the parameters for which the model developers have defined probability
distributions as opposed to point estimates.
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In many damage categories (e.g., sea level rise, water resources, biodiversity loss, agriculture and forestry,

and space conditioning) the benchmark damages, ar, are treated as uncertain parameters in the model

and in most case they are assumed to vary by region. The elasticity of damages with respect to changes

in regional GDP per capita, Yy, and the elasticity with respect to changes in regional population, ©, are

also treated as uncertain parameters in most damage functions in the model, though they are not
assumed to vary across regions. In most cases the exponent, S, on the power function that scales
damages based on the forecast level of climate change are also treated as uncertain parameters, though

they are not assumed to vary across regions in most cases.

Figure C1 presents results of an analysis from the developers of the FUND model that examines the
uncertain parameters that have the greatest influence on estimates of the SC-CO: based on the default
version of the model. While some of the modeling inputs are different for the SC-CO: estimates calculated

by the IWG these parameters are likely to remain highly influential in the FUND modeling results.
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Figure C1: Influence of Key Uncertain Parameters in Default FUND Model (Anthoff and Tol 2013a)*°
Default Uncertainty Assumptions in PAGE

In the version of the PAGE model used by the IWG (version PAGEQ9) there are over 40 parameters defined
by probability distributions instead of point estimates.?® The parameters can broadly be classified as
related to climate science, damages, discontinuities, and adaptive and preventive costs. In the default
version of the model, all of the parameters are modeled as triangular distributions except for the one
variable related to the probability of a discontinuity occurring, with is represented by a uniform
distribution. More detail on the model equations can be found in Hope (2006, 2011a) and the default
minimum, mode, and maximum values for the parameters are provided in Appendix 2 of Hope (2011a).
The calibration of these distributions is based on the developer’s assessment of the IPCC's Fourth
Assessment report and scientific articles referenced in Hope (2011a, 2011b, 2011c). The IWG added an
uncertain parameter to the default model, specifically the equilibrium climate sensitivity parameter,
which was harmonized across the models as discussed in the 2010 TSD.

In the climate component of the PAGE model, atmospheric CO; concentration is assumed to follow an
initial rapid decay followed by an exponential decline to an equilibrium level. The parameters treated
probabilistically in this decay are the proportion of the anthropogenic CO, emissions that enter the
atmosphere, the half-life of the CO,’s atmospheric residence, and the fraction of cumulative emissions
that ultimately remains in the atmosphere. A carbon cycle feedback is included to represent the impact
of increasing temperatures on the role of the terrestrial biosphere and oceans in the carbon cycle. This
feedback is modeled with probabilistic parameters representing the percentage increase in the CO,
concentration anomaly and with an uncertain upper bound on this percentage.

The negative radiative forcing effect from sulfates is modeled with probabilistic parameters for the direct
linear effect due to backscattering and the indirect logarithmic effect assumed for cloud interactions. The
radiative forcing from CO,, all other greenhouse gases, and sulfates are combined in a one box model to
estimate the global mean temperature. Uncertainty in the global mean temperature response to change
in radiative forcing is based on the uncertain equilibrium climate sensitivity parameter and uncertainty in
the half-life of the global response to an increase in radiative forcing, which defines the inertia of the
climate system in the model. Temperature anomalies in the model vary geographically, with larger
increases over land and the poles. Probabilistic parameters are used for the ratios of the temperature
anomaly over land relative to the ocean and the ratio of the temperature anomaly over the poles relative
to the equator. The PAGE model also includes an explicit sea level component, modelled as a lagged
function of the global mean temperature anomaly. The elements of this component that are treated

19 Based on a coefficients of standardized regression of parameter draws on the SC-CO; using FUND 3.8.1 under
Ramsey discounting with a pure rate of time preference of one percent and rate of relative risk aversion of 1.5. The
90 percent confidence intervals around the regression coefficients are presented as error bars.

20 This appendix focuses on the parameters in the PAGE model related to estimating the climate impacts and
principle calculation of the monetized damages. There are over 60 additional parameters in the model related to
abatement and adaptation, which may be highly relevant for purposes other than estimating the SC-CO,, but are
not discussed here.
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probabilistically include: sea level rise from preindustrial levels to levels in the year 2000, the asymptotic
sea level rise expected with no temperature change, the predicted sea level rise experience with a
temperature change, and the half-life of the sea level rise.

In the economic impacts module, damages are estimated for four categories: sea level rise, economic
damages, non-economic damages, and damages from a discontinuity. Each damage category is calculated
as a loss proportional to GDP. The model first calculates damages for a “focus region” (set to the European
Union) assuming the region’s base year GDP per capita. Damages for other regions are assumed to be
proportional to the focus region’s damage, represented by a regional weighting factor.

Economic damages, non-economic damages, and damages from sea level rise are modeled as polynomial
functions of the temperature or sea level impact, which are defined as the regional temperature or sea
level rise above a regional tolerable level. These functions are calibrated to damages at some reference
level (e.g., damages at 3°C or damages for a 4 meter sea level rise). The specification allows for the
possibility of “initial benefits” from small increases in regional temperature. The variables represented by
a probability distributions in this specification are: the regional weighting factors; the initial benefits; the
calibration point; the damages at the calibration point; and the exponent on the damage functions.

The damages from a discontinuity are treated differently from other damages in PAGE because the event
either occurs or it does not in a given model simulation. In the PAGE model, the probability of a
discontinuity is treated as a discrete event, where if it occurs, additional damages would be borne and
therefore added to the other estimates of climate damages. Uncertain parameters related to this
discontinuity include the threshold global mean temperature beyond which a discontinuity becomes
possible and the increase in the probability of a discontinuity as the temperature anomaly continues to
increase beyond this threshold. If the global mean temperature has exceeded the threshold for any time
period in a model run, then the probability of a discontinuity occurring is assigned, otherwise the
probability is set to zero. For each time period a uniform random variable is drawn and compared to this
probability to determine if a discontinuity event has occurred in that simulation. The additional loss if a
discontinuity does occur in a simulation is represented by an uncertain parameter and is multiplied by the
uncertain regional weighting factor to obtain the regional effects.

Damages for each category in each region are adjusted to account for the region’s forecast GDP in a given
model year to reflect differences in vulnerability based on the relative level of economic development.
Specifically, the damage estimates are multiplied by a factor equal to the ratio of a region’s actual GDP
per capita to the base year GDP per capita, where the ratio exponentiated with a value less than or equal
to zero. The exponents vary across damage categories and in each case are treated as uncertain

parameters.

Finally, in each region damages for each category are calculated sequentially (sea level rise, economic,
nonh-economic, and discontinuity, in that order) and are assessed to ensure that they do not create total
damages that exceed 100 percent of GDP for that region. Damages transition from a polynomial function
to a logistic path once they exceed a certain proportion of remaining GDP, and the proportion where this
transition begins is treated as uncertain. An additional parameter labeled the “statistical value of
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civilization," also treated as uncertain, caps total damages (including abatement and adaptation costs

described below) at some maximum level.

Figure C2 presents results of an analysis from the developers of the PAGE model that examines the
uncertain parameters that have the greatest influence on estimates of the SC-CO: based on the default
version of the model. Although some of the modeling inputs are different for the SC-CO: estimates
calculated by the IWG, these parameters are likely to remain highly influential in the PAGE modeling

results.
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Figure C2: Influence of Key Uncertain Parameters in Default PAGE Model (Hope 2013)2L

21 Based on a standardized regression of the parameters. The values give the predicted increase in the SC-CO:2 in
2010 based on a one standard deviation increase in the coefficient, using the default parameters for PAGE09 under
Ramsey discounting with an uncertain pure rate of time preference and rate of relative risk aversion.
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