nature communications

Article https://doi.org/10.1038/s41467-024-52437-9

High radiative forcing climate scenario
relevance analyzed with a ten-million-
member ensemble

Marcus C. Sarofim® ., Christopher J. Smith?>34, Parker Malek®,
Erin E. McDuffie®', Corinne A. Hartin®", Claire R. Lay® & Sarah McGrath®

Received: 13 July 2023

Accepted: 5 September 2024

Published online: 18 September 2024

Developing future climate projections begins with choosing future emissions
scenarios. While scenarios are often based on storylines, here instead we
produce a probabilistic multi-million-member ensemble of radiative forcing
trajectories to assess the relevance of future forcing thresholds. We coupled a
probabilistic database of future greenhouse gas emission scenarios with a
probabilistically calibrated reduced complexity climate model. In 2100, we
project median forcings of 5.1 watt per square meters (5th to 95th percentiles
of 3.3 to 7.1), with roughly 0.5% probability of exceeding 8.5 watt per square
meters, and a 1% probability of being lower than 2.6 watt per square meters.
Although the probability of 8.5 watt per square meters scenarios is low, our

M Check for updates

results support their continued utility for calibrating damage functions,
characterizing climate in the 22" century (the probability of exceeding 8.5
watt per square meters increases to about 7% by 2150), and assessing low-
probability/high-impact futures.

The warmest standard future scenarios used as inputs for both the fifth
and sixth Coupled Model Intercomparison Projects (CMIP5 and CMIP6)
reach a forcing of 8.5 watts per square meters (W m™) above pre-
industrial levels by 2100: namely representation concentration path-
way (RCP) 8.5 for CMIP5, and shared socioeconomic pathway-
representative concentration pathway (SSP-RCP) SSP5-8.5 for CMIP6'.

RCP8.5 has been characterized as a scenario that assumes high
population growth, low-income growth, and modest improvements in
energy intensity over the next century, leading to high energy demand
and greenhouse gas (GHG) emissions™®. The research community ori-
ginally developed RCP8.5 as a “plausible future” representing the
upper 10th percentile of radiative forcing from scenarios at the time of
development in 2007". However, this is not a rigorous method for
determining the probability of exceedance of a scenario. Because the
underlying scenarios were not designed to be equally likely, the fact
that 8.5 W/m? represented the 10th percentile of available scenarios
does not imply an assessment that there was a 10% likelihood of
exceeding 8.5 W/m?. Pedersen et al.” discuss the history of published

critiques of the lack of probability-based scenario designs in the IPCC
process. Meanwhile, SSP5-8.5 followed a different socioeconomic path
relative to RCP8.5, with low population growth coupled with high-
income growth that drives energy demand, demonstrating that the
same forcing scenario can be reached by very different pathways>’.

Due to the heavy use of RCP8.5 and SSP5-8.5 by scientific pub-
lications and assessments, questions regarding the plausibility®™ or
implausibility>™® of 8.5Wm™2 scenarios have steadily increased.
Additionally, the IPCC AR6 report stated that “the likelihood of high-
emissions scenarios such as RCP8.5 or SSP5-8.5 is considered low in
light of recent developments in the energy sector””. Due to these
discussions in the literature, the recent ScenarioMIP workshop report
stated an intent to use a high-emission scenario for the seventh CMIP
assessment (CMIP7) that would be “likely below SSP5-8.5” and “possi-
bly near 7W m™="%,

Importantly, while most of these evaluations of RCP8.5 or SSP5-8.5
have focused on the plausibility or implausibility of the fossil fuel
usage and/or emissions pathways in the scenario, it is important to
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Fig. 1| Net annual emissions of CO, from RFF-SPs and SSPs. The black line is the
mean and the gray band is the 95th and 5th percentiles for CO, (carbon dioxide)
emissions from the Resources for the Future Socioeconomic Projections (RFF-SP)

scenarios. Colored lines represent CO, emissions from six shared socioeconomic
pathway-representation concentration pathway (SSP-RCPs), from 2000-2300
from Meinshausen et al. (2020). Source data are provided as a Source Data file.

recognize that when these scenarios are used as input to global climate
models (GCMs), they are primarily used as concentration pathways
rather than emission scenarios. Several studies discuss the potential
importance of carbon cycle uncertainties, though without analyzing
the probabilistic implications of including those uncertainties'*".
Huard et al."® have also highlighted this issue of evaluating scenarios
based on their emissions versus their concentrations. Radiative forcing
is used as a simplifying aggregate metric rather than comparing indi-
vidual greenhouse gas concentrations.

In order to address these issues of lack of probabilistic assessment
of scenarios, and the evaluation of most of the literature on emissions
rather than forcing exceedances, this paper answers two related
questions: (1) given a probabilistic ensemble of socioeconomic emis-
sions, what is the likelihood of exceeding 8.5 W m™ by the end of the
century and (2) what is the appropriate forcing to use for a high-end
scenario in climate analysis?

To answer these questions, this paper leverages some other
research. First, we use an ensemble of probabilistic emission projec-
tions based on expert elicitation of future rates of change of country-
level population growth, economic growth, and emissions intensity
(the resources for the future socioeconomic projections, or RFF-
SPs'?%) augmented with improved methods to account for emissions
of aerosols and minor GHGs?, and couple these with a simple climate
model, FalR version 2.1%, to generate a multi-million-member ensem-
ble to derive a probability density function for end of century radiative
forcing. Second, we use the forcing probability density function from
this ensemble of equally probable emissions scenarios and climate
parameter combinations to determine the likelihood of exceeding
8.5Wm in 2100, 2150, and 2300. We show that the probability of
exceeding 8.5 W m2by 2100 is 0.5%, but we also discuss considerations
that, for several applications, such a scenario continues to be useful.
We recognize the challenges of accurately capturing the probability of
rare events that might have substantial consequences for future
emissions and concentration changes, but quantitative analysis of
these probabilities has value despite the underlying limitations.

Results

Analysis of emissions exceedance probabilities

The RFF-SP scenarios were developed by resources for the future to
provide socioeconomic and emissions projections in a probabilistic
format through the year 2300. Comparing emission levels across the

RFF-SP scenarios to those in the seven most widely used SSP-RCP
scenarios (SSP1-1.9, SSP1-2.6, SSP4-3.4, SSP2-4.5, SSP4-6.0, SSP3-7.0,
and SSP5-8.5) (Fig. 1) shows that the RFF-SP upper 95% emissions
scenarios are 53 Gigatons of CO, (Gt CO,) below emissions from SSP5-
8.5 in 2100, and also 9 Gt CO, below SSP3-7.0. Meanwhile, the fifth
percentile of the RFF-SP emissions remains above the SSP1-1.9 scenario
through 2100. However, looking past 2100, the RFF-SPs include a
substantial probability of above zero emissions through 2300, whereas
all the SSP-RCPs are constrained to reach zero CO, emissions in 2250.
Table 1 provides numerical comparisons in the year 2100. The 2100
emissions (both CO, and CO; equivalents or CO,e) and the cumulative
CO, emissions from 2020 to 2100 for each SSP-RCP scenario are
included in the left column for comparison. Columns 2-4 show the
probability that emissions from the RFF-SP scenarios exceed those of
the SSP-RCP scenario for CO,, CO,e, and cumulative carbon, respec-
tively. Table 1 shows that the probability of the emissions from the RFF-
SPs exceeding those from SSP5-8.5 in 2100 are substantially below 1%
by any metric. For SSP3-7.0, that probability is about 1%. The median
RFF-SP scenario (17.3 Gt CO,, 30 Gt CO,e, 2490 Gt C) lies between
SSP2-4.5 and SSP4-6.0 for end-of-century emissions, and just below
SSP2-4.5 for cumulative carbon emissions. The fact that the SSP1 family
of scenarios and the SSP4 family of scenarios are developed by dif-
ferent modeling groups with different assumptions about underlying
economic and technological drivers explains how the emissions from
the higher SSP4-3.4 scenario can drop below the emissions from the
lower SSP1-1.9 and SSP1-2.6 scenarios by 2100, recognizing that the
latter two scenarios still have a lower radiative forcing in 2100.

Analysis of radiative forcing exceedance probabilities
Figure 2 shows the radiative forcing from the SSP-RCP scenarios (run in
FalR with the same calibration) overlayed on top of the 90% bounds of
this analysis. Here, the 95th percentile of radiative forcing from the
RFF-SPs is still substantially below SSP5-8.5 in 2100, but comparable to
SSP3-7.0 (in contrast to the emissions). Even though the SSP-RCP fossil
fuel emissions are constrained to reach zero in 2250, the radiative
forcing in SSP5-8.5 remains above the 95th percentile from the RFF-
SPs, though the 95th percentile of the RFF-SPs does exceed the SSP3-
7.0 radiative forcing by 2198.

Table 2 shows the percentage of the runs from this analysis that
exceed each forcing threshold in 2100 and then again in 2150 and
2300. This shows that the probability of the RFF-SP/FalR combination
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exceeding the 7 and 8.5 W m™ thresholds are significantly higher than
the probability of the RFF-SP emissions exceeding the emissions from
the respective SSP. The median forcing in 2100 from the RFF-SP/FalR
analysis is 5.1 W m (5th to 95th percentiles from 3.3 to 7.1W m™).

Table 1| Probabilities of exceedance of emissions in 2100 for
RFF-SP scenarios relative to SSP-RCP scenarios

Contributions to uncertainty

While this paper is mainly focused on radiative forcing as the appro-
priate variable to address for concentration scenarios used as inputs to
GCMs, temperatures are a more relevant variable for understanding
societal impacts. Figure 3 shows the total uncertainty in radiative for-
cing (Fig. 3a, b) and Fig. 4 shows the total uncertainty in temperature
(Fig. 4a, b), and attributes that uncertainty to parametric socio-
economic uncertainty (characterized as emissions uncertainty), para-
metric climate response uncertainty, and internal climate variability.

g;':ap:gsm E:'n::zsrl:l:‘lzt(i?;oo gﬁ;’ Sgg&te : gg':g;a;;'go The median temperature in 2100 from the RFF-SP/FalR ensemble is
for 2020-2100) 2.8 °C (5th to 95th percentiles from 1.7 to 4.2 °C), with an 88% chance of
SSP5-8.5 126 Gt CO, 0.030% 0.020% 0.020% exceeding 2 °C. The median arrival year for 2°C is 2050 (Slh percentile
142 Gt COe of 2.037, and the 95“.1 percentile does not exceed 2 °C during the time
G period of the analysis).
SSP3-7.0 827GtCO,  12% 0.46% 1.5% Discussion
108 Gt CO5e Low-probability scenarios have utility for several applications. The
1438 Gt C relevance of a particular future scenario depends on the application,
SSP4-6.0 21.9 Gt CO, 42% 36% 26% purpose, and audience of a particular analysis or assessment. However,
39.0 Gt COe the relevance also depends on the probability of exceeding the metric
903Gt C of interest, whether it be a given quantity of emissions, concentration of
SSP2-45 9.68 Gt CO, 56% 2% % CO, or COy-equivalent, total radiative forcing, global temperature, or
—————— some other metric. Despite the low probability of exceeding 8.5 W m™
19.7 Gt COe
750Gt C
SSP4-3.4 T14.8 Gt CO, 99% S5 8% Table 2 | Probabilities of exceedance of radiative forcing
-0.921 Gt CO.e thresholds for RFF-SP scenarios
321.7GtC
Radiative forcing Year: 2100 Year: 2150 Year: 2300
SSP1-2.6 -8.62 Gt CO, 97% 98% 92% threshold (W m™)
-3.07 Gt CO.e 8.5 0.53% 6.9% 20%
269.4GtC 7.0 7.2% 22% 32%
SSP1-1.9 -13.9 Gt CO, 98% 99% 99% 6.0 25% 37% 43%
-8.61 Gt COse 45 68% 65% 62%
69.4GtC 3.4 92% 85% 77%
The probability that emissions in 2100 (CO,-only or GWP-weighted) or cumulative CO, between 26 99% 95% 86%
2020 and 2100) in the 10,000 Resources for the future socioeconomic projections (RFF-SP) 19 100% 98% 9%

scenarios exceed those in six of the shared socioeconomic pathway-representation con-
centration pathway (SSP-RCP) scenarios. Global warming potentials (GWPs) are from IPCC ARA4.
The emissions column contains scenario parameters for Gigatons (Gt) CO,, C, and CO,
equivalents (CO,e). Source data and code for reproducing this table are available (see Data
availability section for access information).

Percent of FalR/resources for the future socioeconomic projections (RFF-SP) scenarios that
exceed each shared socioeconomic pathway-representation concentration pathway (SSP-RCP)
radiative forcing threshold in 2100, 2150, or 2300. Source data and code for reproducing this
table are available (see Data availability section for access information).
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Fig. 2 | Radiative forcing from RFF-SPs and SSPs. Mean and 5th to 95th percen-
tiles for total radiative forcing from the Resources for the future socioeconomic

projections (RFF-SP) scenarios run through FalR 2.1 with the 1001 parameter sets, as

T T T T
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Year

well as total radiative forcing from six shared socioeconomic pathway-
representation concentration pathway (SSP-RCPs), emission scenarios run through
FalR 2.1. Source data are provided as a Source Data file.
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Fig. 3 | RFF-SP radiative forcing uncertainty. Uncertainty in effective radiative
forcing projections, showing the 5th to 95th percentiles from emissions uncer-
tainty, climate parameter uncertainty, internal climate variability, and total
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uncertainty in (a), and the relative contribution to total uncertainty in (b). Source
data are provided as a Source Data file.

by the end of the century (Table 2), there are at least three applications
where it remains crucial to consider these high-forcing, low-probability
scenarios: (1) development of damage functions or “by-degree” climate
impact analyses, (2) as an analog for post-2100 climate change, and (3)
consideration of low probability but high impact possibilities.

For the first application, “by-degree” climate impact analyses are
mostly scenario agnostic?’. However, the higher the emissions driving
the analysis (i.e., a high radiative forcing 8.5 W m™ scenario), the larger
the temperature (or other climate parameter) range that will be cov-
ered, which is desirable for the purpose of creating damage functions.
As damage functions are essentially a mathematical fit to a “by-degree”
approach, the anchor for the high end of the damage function should
be a low-probability scenario. For example, ref. 24 uses piecewise lin-
ear extrapolation between data points to assess climate change
damages across a given range of temperature scenarios. Tebaldi et al.”
note that for a time-shift pattern-scaling approach similar to the Sar-
ofim et al. methodology?, it is impossible to extrapolate beyond the
highest scenario. While the linear fit pattern-scaling methodology can
extrapolate beyond the highest scenario directly modeled, Wells
et al.”® find that the use of a warmer scenario to calibrate the linear fit is
more useful because of the larger signal-to-noise ratio. Similarly, ref. 27
call for including a high-emission “framing” climate scenario that could
represent “the emission world avoided” (or TEWA), in order to aid in
understanding how the climate system might change in a high forcing
or a high warming world.

The second application for post-2100 analogs is relevant because
the majority of GCM scenario projections end in 2100*. Therefore, the

majority of the impacts literature is also based on scenarios that end in
2100. However, the real world will continue past 2100. For this reason,
we argue that climate projections for 2100 under high-forcing sce-
narios can be used as analogs for climates that may not be realized
until much later. This use of climate projections for one year as an
analog for climate impacts in a different year is the fundamental con-
cept behind the “temperature slice” or “global warming level”
approach???%, Given this application, we have calculated the prob-
ability density function of radiative forcing in 2150 to show that the
probability of exceeding 8.5 W m™ reaches almost 7% due to a com-
bination of potential continued emissions and carbon cycle and
methane responses. While the 0.5% probability of exceeding 8.5 W m™
is below the 1% relevance threshold we discuss below, it is difficult to
argue policy irrelevance with a probability of exceedance of greater
than 5%, even if the date is further in the future. While we have chosen
2150 to illustrate this point, we will note that projections developed for
the social cost of greenhouse gas extend through 2300, and the
exceedance probability of 8.5 W m™ is 20% by the end of this period.

For the third application, low-probability but high-impact events
are often of relevance to policymakers. As discussed further in the
following paragraphs, the precise probability of exceedance becomes
relevant in assessing risk in these contexts. This discussion of prob-
ability is also relevant to the choice of the high-end anchor for damage
functions or by-degree analyses and for deciding the hottest post-2100
potential climate for which to simulate an analog. The question then
becomes at what likelihood does a scenario become relevant. This
depends in large part on the impact of the event in question. On the
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Fig. 4 | RFF-SP temperature uncertainty. Uncertainty in temperature projections,
showing the 5th to 95th percentiles from emissions uncertainty, climate parameter
uncertainty, internal climate variability, and total uncertainty in (a), and the relative

contribution to total uncertainty in (b). Source data are provided as a
Source Data file.

conservative end, Ansolabehere et al.* recommended an annual risk of

1in a million for a large, early release of radioactivity from a nuclear
plant. On the risk-accepting end, few people would carry an umbrella
with them if the probability of rain was less than 10%. However, these
examples do not provide a good context for the appropriate choice of
likelihood for a high-end climate scenario. Many potential examples
involve repeated probabilities for individual events that can happen at
multiple locations (e.g., the nuclear example or the choice of the 1 in
100-year flooding event for floodplain analysis). In contrast, climate
change involves a global, accumulating problem where the probability
of a high-end scenario is a function of socioeconomic assumptions and
uncertainty in basic scientific parameters. We choose 1% as a policy
relevant probability for a high-end scenario for generalized climate
analysis purposes, though recognizing that others could choose a
different threshold. Several considerations are relevant for these three
applications. There is the choice to focus on the probability of
exceeding radiative forcing rather than emissions. There are chal-
lenges involved in characterizing uncertainty, particularly for low-
probability tails of distributions. And there is the recognition that even
if there are good reasons to include a high scenario in an analysis, that
scenario is not necessarily the most plausible scenario.

Because CMIP GCMs and ESMs have historically generally been
driven by concentration scenarios, not emission scenarios, it is the
probability of exceeding those concentrations which is most relevant.
Radiative forcing is the best available metric to use to represent the
aggregate climate impact of a concentration pathway, though it has

some drawbacks. For example, different GCMs can have different
radiative physics, such that different GCMs run with the same set of
GHG and aerosol concentrations may result in different levels of for-
cing, and two emission scenarios with the same forcing in one GCM
may diverge when run in a second. While the IIASA database for sce-
narios suggests that RCP8.5 reaches 8.4 Wm™ in 2100 and SSP5-8.5
reaches 8.7 W m™, more recent simple climate models incorporating
updated knowledge in Earth system processes yield higher radiative
forcings from the same set of concentrations®. The most relevant
force is the one embodied within the GCM calculations. Fredriksen
et al.*’ show that GCM-derived forcing is markedly higher for SSP5-8.5
in CMIP6 models than for RCP8.5 in CMIP5 models. Tebaldi et al.*
estimate that most GCMs reach 8.9 W m™ by 2100 for SSP5-8.5. Wyser
et al.”* estimated 9.2 W m™ in the EC-Earth3-Veg GCM for SSP5-8.5, but
only 7.8 W m™ for RCP8.5. Despite its imperfections, here we focus on
radiative forcing as the best available metric.

When looking at low-probability outcomes, considerations of
additional sources of unbiased (no more likely to be above the refer-
ence parameters than below, and uncorrelated with other parameters)
uncertainty will always increase the probability of exceeding those
outcomes. For example, while the chance of the world having higher
forcing than the SSP5-8.5 scenario in 2100 is a low probability out-
come, it is more likely than the chance of exceeding SSP5-8.5 emis-
sions. In this case, the probability of exceeding the emissions in the
SSP5-8.5 scenario in 2100 when taking the RFF-SP distribution as truth
is 3in 10,000. Even the probability of exceeding SSP3-7.0 emissions by
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2100 is on the order of 1%. However, when we move to radiative for-
cing, the probabilities become substantially larger: 0.5% for exceeding
8.5Wm™, and 7% for exceeding 7Wm™. A key contributor to this
increase in the probability of exceedance is the inclusion of additional
uncertainties, in particular, carbon cycle and methane feedback. As a
first-order effect, adding an additional uncertainty to an existing
probability distribution will lead to an increase in the size of the tails of
the distribution.

Over a timescale of several decades, climate parameter uncer-
tainty is the dominant driver of uncertainty in radiative forcing as
emissions pathways have yet to diverge substantially due to economic
inertia, whereas the rate of carbon uptake and methane atmospheric
chemistry both contribute to uncertainty in future concentrations
(Fig. 3a, b). However, by mid-century, emissions uncertainty becomes
the dominant driver of radiative uncertainty as by 2050, the 95th
percentile of CO, emissions is six times the 5th percentile. In contrast,
for temperature, internal variability is initially a substantial component
of temperature uncertainty, becoming a smaller proportion of the
total over time despite remaining relatively constant in absolute terms,
as in ref. 34. Year-to-year variability in temperature due to factors such
as ocean currents are of the same magnitude (about 0.2°C) as the
recent decadal trend in temperature. Meanwhile, climate uncertainty
continues to be a larger contributor than emission uncertainty through
the end of the century (Fig. 4a, b). This is a result of fewer uncertain
climate parameters that impact radiative forcing (e.g., aerosol forcing,
carbon cycle, and methane feedback uncertainties) than impact tem-
perature (e.g., all the parameters that impact radiative forcing also
matter for temperature, but uncertainties in climate sensitivity and
ocean heat uptake also have substantial temperature impacts). Due to
the cumulative nature of carbon in the atmosphere, the contribution of
emissions uncertainty continues to grow with time, becoming the
most important factor for understanding temperature trends on a
multi-century scale. While most of this paper discusses radiative for-
cing as it is the key input to climate models, temperature uncertainty is
important as temperature drives impacts that are relevant to human
and ecological experiences. Two key advances over the previous
refs. 34,35 studies use fully probabilistic emission and climate para-
meter uncertainty inputs for this analysis (rather than, for example,
assuming that the RCPs are all equally likely, or that all climate models
are equally likely, as was done for the previous analyses).

One noteworthy finding is that the estimated likelihood of high-
forcing scenarios has declined over time. While there was no formal
probability assigned to the 8.5Wm™ scenario, it was chosen to
represent the upper 10% of existing scenarios'. Sokolov et al.>** com-
bined probabilistic estimates of emissions and climate parameters to
estimate a 95th percentile of 9.8 Wm™ in 2100 relative to 1990 (or
about 11.6 W m2 relative to preindustrial). Therefore, over the past 14
years, the estimated probability of exceeding 8.5 W m™ by the end of
the century has dropped from double digits to below one percent.
Meanwhile, the median temperature projection which was estimated
to be as high as 5.1°C 15 years ago™, is estimated to be only 2.9 °C in
this analysis, with a probability of staying below 2 °C of 12%. While
some of this reduction of the high end of possible forcing and tem-
perature futures is due to better information about climate uncer-
tainty, the majority is due to reductions in estimated future emissions,
due to a combination of technological progress and policy action. This
is good news, and the trend toward a lower probability of high-forcing
scenarios will hopefully continue in the future.

Projecting conditions in 2100, fewer than 80 years into the future,
is challenging, particularly for socioeconomic variables that are key
factors in determining future emissions. Barron® discusses some of
the challenges involved in projecting future penetration of low-carbon
technologies using climate policy models. Projecting socioeconomic
conditions and emission drivers through 2300 is an even more chal-
lenging task, and yet is necessary for considering the long-term

implications of long-lived GHG emissions. The Meinshausen et al.*®

approach to extending the SSPs uses stylized assumptions about
emissions converging to zero by 2250. While the RFF-SP scenarios may
be the best probabilistic emissions forecast available, these prob-
abilities must be taken with some skepticism, particularly in the tails
(such as the 1% threshold that we focus on). The RFF-SPs rely primarily
on expert elicitation, but there are other approaches. Liu and Raftery*’
use a Bayesian approach to drive a Markov chain Monte Carlo for
developing emission scenarios through 2100. Liu and Raftery’s dis-
tribution in 2100 is very similar to that of the RFF-SPs for the 95th
percentile, but the median of their distribution is almost double that of
the RFF-SPs, and the 5th percentile is greater than 10 GtCO2/year,
whereas the RFF-SPs have a 5th percentile that is negative. Morris
et al.** apply a complex computable general equilibrium model driven
with uncertain input parameters whose distributions are defined by a
combination of expert elicitation and statistical analysis of historical
data, also through the year 2100. However, Morris et al.** separate
policy uncertainty out as a separate factor with four possible futures,
making it difficult to compare directly to the RFF-SP approach, which
treats policy probabilistically. Addressing the potential for future
policy in a probabilistic framework is challenging—for the RFF-SP
scenarios, the experts were instructed to include views about the
evolution of future policy for projecting changes in technology, fuel
use, and other socioeconomic conditions relevant to emission factors.

While there is more confidence in the climate uncertainty prob-
abilities as expressed in the 1001 FalR ensemble members compared
with the socioeconomic uncertainties driving emission projections,
there are also some limitations regarding these physical parameter
definitions. In particular, any feedback that doesn’t exist in either the
historical record or the climate models against which FalR was cali-
brated will not be captured by this analysis. For example, the perma-
frost feedback is not included in FalR, which has the potential to
contribute substantially to radiative forcing and warming through the
release of additional CO, and CH,. Furthermore, prior distributions for
FalR parameters were informed by CMIP6 GCMs, and the potential for
the uncertainty space to be under-sampled exists.

While our analysis shows that 8.5 W m™ scenarios are appropriate
for use in creating damage functions, and important to include in the
next round of CMIP analyses, it is important to reiterate that 8.5W m™
is still an unlikely future outcome—even though the 22nd century. We
are arguing here for the inclusion of 8.5 W m™ scenarios to anchor the
high end of possible outcomes or to develop damage functions, but
not as the most likely future. One pertinent example is the use of a
future scenario for use in adaptation decisions. There are often non-
negligible costs associated with over-adaptation: e.g., for sea level rise,
there are expenses involved in building higher sea walls than would be
optimal from a cost-benefit analysis, and in some cases, there could be
unnecessary abandonment of properties based on over-reliance on
pessimistic forecasts. While it may be appropriate to use a scenario
that is higher than the median or mean scenario, the 25% likely 6 W m™
scenario might be better suited than the 0.5% likely 8.5 W m™ scenario
(Table 2). However, this does not mean an 8.5 W m™ scenario cannot
be relevant: the use of a by-degree approach allows for disassociating
the climate model output from the climate model time period. This
approach—referred to as “time-slices””, “time-shift”", or “temperature
binning”*—allows for the GCM output of early decades from a high
emissions scenario to be used as analogs for temperatures in later
decades of lower emissions scenarios. Reduced complexity approa-
ches (such as the combination of FalR and the RFF-SPs) can be used to
determine the arrival times of these temperatures: moreover, these
approaches can also produce the probabilities of exceedance of dif-
ferent temperature thresholds, which would be useful information for
adaptation decisionmakers and other policymakers.

This kind of probabilistic analysis is made possible by the use of
thousands of probabilistic economic scenarios coupled with
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thousands of probabilistic parameter sets from a reduced complexity
climate model. Given the computational demands of full-complexity
GCMs, the scenario community has generally chosen fewer than a
dozen primary scenarios to drive these GCMs. A proper probabilistic
analysis would be impossible with so few emissions or concentration
scenarios, and then the GCMs themselves are not designed for prob-
abilistic analysis*’. Therefore, the kind of probabilistic analysis high-
lighted in this paper is designed as a complement to the more
traditional scenario-based approach, which produces a finite set of
alternative future storylines without assigned probabilities™.

In summary, here we use a 10 million-member ensemble to ana-
lyze the probability of exceeding 8.5W m™ in 2100, 2150, and 2300.
Our results show that while the probability of exceeding this threshold
in 2100 is less than 1%, it reaches 7% by 2150, and 20% by 2300. Because
many climate analyses to date have focused on the current century, a
scenario that reaches 8.5 W m™ in 2100 continues to have substantial
relevance for serving as an analog for post-2100 climates, as well as for
driving impacts models to develop damage functions that can be
useful through the year 2300.

Therefore, it is important that the CMIP community continue to
include an 8.5W m™ scenario in the family of scenarios for CMIP7. In
addition, if an impact modeler is only going to use a single scenario,
8.5 Wmis the appropriate scenario to use—not because it is the most
likely, but because it can serve to inform a by-degree approach which
can be coupled with a reduced complexity model to estimate the
timing and probability of reaching future forcing and temperature
thresholds, enabling the discussion of almost any possible future
including years past 2100 (with a possible exception of peak-and-
decline scenarios). However, if it becomes standard in the future to run
impact analyses through later years, such as 2125 it might be more
appropriate to choose a high-end scenario which reaches 8.5W m™2in
that later year, rather than 2100.

While we argue that 8.5 W m™ continues to be relevant based on
our probabilistic analysis, we can hope that as zero carbon technolo-
gies continue to become more competitive, and mitigation efforts
continue to increase, the 8.5Wm™ scenario may eventually drop
enough in likelihood that it would no longer exceed our 1% threshold in
any year and could be discarded.

Methods

We quantify the likelihood of exceeding 8.5 W m™ by the end of the
century by developing a probability density function of radiative for-
cing, based on two components: (1) probabilistic projections of green-
house gas (GHG) and aerosol emissions and (2) reduced complexity
climate model that accounts for uncertainty in climate response.

Generation of emission projections

To generate emission projections, we start with the 10,000 equally
probable global GHG emission scenarios from the RFF-SP dataset,
which provides global CO,, CH,;, and N,O emissions from 2020
through 2300%. RFF-SP is recent, open-source, fully probabilistic,
extends through the year 2300, and is used by the U.S. SC-GHG pro-
cess, making it an ideal dataset for emission projections. While the
original RFF-SP scenarios assumed that additional short-lived climate
forcers (tropospheric ozone and aerosol precursors) and other
greenhouse gases followed the SSP2-4.5 scenario, here we infill the
RFF-SP GHG scenarios using the silicone tool™. Infilling uses a database
of existing integrated assessment model (IAM) GHG and air pollutant
emissions scenarios and uses relationships between a lead species (in
our case, CO, emissions from fossil fuels and industry) and those that
are not present in the RFF-SPs. The logic behind this is that emissions
of CO, tend to be well-correlated with emissions of non-CO, species
over time*’ as many species are co-emitted with CO,, Where they are
not, high emissions scenarios tend to be indicative of high economic
activity, low levels of climate and air quality policy, or both (and vice

versa for low emissions scenarios). In this analysis, we use the IPCC
Sixth Assessment Report (AR6) Working Group 3 (WG3) infiller
database’***. The emissions in this database have been harmonized to
ensure a smooth transition from historically reported emissions values
to future scenario projections®. As the RFF-SP dataset only provides
total CO, emissions, this contribution needs to be split into fossil fuel
and industrial (FFI) emissions and land use (AFOLU) emissions to run
FalR and perform the infilling. This was performed using the silicone
toolbox with the “time-dependent ratio” method, mapping FFI and
AFOLU emissions to total CO, emissions from the AR6 infiller database
using the average ratio of AFOLU and FFI to total CO, across the
database”.

Infilling gases beyond CO,, N,0, and CH,

We replicate the infilling methods of the IPCC Working Group 3
report***¢ as closely as possible. For example, short-lived climate for-
cers (SLCFs: SO,, BC, OC, NH3, NO,, CO, and VOCs) are infilled using
the “quantile rolling windows” (QRW) method of silicone. We use CO,
FFI as the lead species and the ARG6 infiller database for both CO, and
SLCF emissions. QRW maps the lead species (CO, FFI) to a specified
quantile of emissions of the desired pollutant from the infiller database
over time. We use the 50th percentile of emissions across all scenarios
in the ARG infiller database for each short-lived forcer. This preserves
relationships of co-emittance between high and low emissions sce-
narios (e.g., high CO, FFI likely implies high SO, emissions in the
absence of air quality improvements) but does not further differ-
entiate between scenarios (e.g., high CO, FFI emissions could occur
with low SO, emissions if air quality improvements occur but emis-
sions mitigation does not).

All halogenated GHG emissions are infilled using the “RMS Clo-
sest” method of silicone. As suggested, this selects the emissions of the
desired greenhouse gas from the AR6 scenario based on the scenario
that minimizes the root-mean-square error between the timeseries of
(reconstructed) CO, FFI emissions from the RFF-SP scenario and the
ARG6 scenario. For some of the more major hydrofluorocarbons (HFCs)
and perfluorocarbons (PFCs) that are individually modeled by several
IAM groups, the AR6 infiller database is used. In contrast, emissions for
more minor gases and all ozone-depleting substances are not generally
available in IAMs, and therefore the set of eight SSP-RCP scenarios that
drive the CMIP6 Earth System models were prepared on global annual
mean emissions timeseries for the Reduced Model Intercomparison
Project (RCMIP)*"*%, FalR uses NOx emissions from the aviation sector
as a proxy for radiative forcing from contrails and contrail-induced
cirrus, and this data is also infilled from the SSP-RCP scenarios using
the RMS Closest method.

In addition, the AR6 and SSP-RCP scenarios only run to 2100,
whereas we require emissions to 2300. We follow the logic discussed in
Meinshausen et al.*® to extend SSP-RCP emissions beyond 2100. If CO,
FFIl emissions are positive in 2100, they are linearly ramped down to
zero by 2250; if they are negative, they are ramped up to zero by 2150.
CO, AFOLU emissions are ramped to zero by 2150 whether negative or
positive, in 2100. For CH,4, N,0, and short-lived forcers, the FFI com-
ponent (always positive) is ramped down to zero by 2250, and the
AFOLU component is held constant at 2100 emissions. As IAM scenario
data does not provide the FFI/AFOLU split for non-CO, emissions, we
estimate this from the average of the 2100 ratios in SSP-RCP scenarios
that do have this granularity. Finally, minor greenhouse gases with no
assumed AFOLU source are ramped down to their preindustrial
emissions level by 2250. Historical emissions from 1750-2014 are
provided from RCMIP and for the period 2015-2020 we follow the RFF-
SP logic and use SSP2-4.5.

Using the FalR model for temperature projections
The final set of 10,000 infilled, complete RFF-SP emissions scenarios
are then run using a 1001-member probabilistic ensemble of a reduced
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complexity climate model: the Finite amplitude Impulse Response
model (FalR v2.1)*% The FalR model is a widely used reduced com-
plexity model that has been relied on by major institutions such as the
IPCC*, the US National Academies of Science’®, and the EPA Social
Cost of Carbon®’, and has performed well in the Reduced Complexity
Model Intercomparison Project (RCMIP)”. The parameters for the
model were calibrated to be consistent with historical data taking into
account observational uncertainty (ocean heat content, CO, con-
centrations, aerosol radiative forcing) as well as consistency with the
ranges for transient climate response and equilibrium climate sensi-
tivity presented in the IPCC AR6 Working Group 1 assessment**"%2,
Each member of the ensemble maintains a root-mean-square error
between the modeled and observed global mean surface temperature
of less than 0.16 °C and is consistent with historical emissions from
RCMIP. We use stochastic, auto-correlated internal variability in tem-
perature and forcing®. For comparison to the RFF-SP dataset, we also
run the SSP-RCP scenarios under the same calibration for
comparison®*.

Comparison and assessment

For comparisons of emission levels between RFF-SP and SSP-RCP
scenarios (Fig. 1 and Table 1), we calculate the number of RFF-SP sce-
narios where CO, emissions in 2100 exceed those in the six SSP-RCP
scenarios, and then divide by the 10,000 total scenarios to come up
with a probability of exceedance. This calculation is repeated with
global warming potential (GWP)-weighted emissions to account for
the role of non-CO, GHGs, using AR4 GWPs. The calculation is repe-
ated a third time for cumulative CO, emissions between 2020 and the
year 2100.

The RFF-SP emissions are then used as inputs to the FalR model.
Each emissions scenario is run with all 1001 FalR parameter combi-
nations. The coupled combination of 10,000 RFF-SP emissions sce-
narios, run with a 1001-member climate parameter ensemble, creates
10,010,000 total equally probable outcomes (https://zenodo.org/
record/7759089#.ZGI7kgXMK3C). Result data for each emissions
scenario are saved as a netCDF file and include ensemble-level
information about global mean surface temperature, effective
radiative forcing, ocean heat content, and concentrations of CO,,
CHy, and N,O.

For comparisons of radiative forcing between the RFF-SP and SSP-
RCP scenarios, we use this full 10,010,000 ensemble. For Fig. 2, we
compare the SSP-RCP scenarios (run through FalR with the same
calibration) to the RFF-SP/FalR analysis. For Table 2, we report the
percentage of RFF-SP/FalR scenarios that exceed each given forcing
threshold in 2100, 2150, or 2300.

To assess the relative contributions of emissions uncertainty and
climate parameter uncertainty, we also produce Figs. 3, 4, in the style
of refs. 34,35. To assess the contribution of internal variability, we also
produce parallel FalR ensembles both with internal variability switched
on (stochastic) and switched off (deterministic) Figs. 3, 4 show a
timeseries of the range of radiative forcing and temperatures (an
output from FalR) resulting from the 1001 FalR runs around the
emissions scenario with median temperature (climate uncertainty), the
median temperature projection from each of the 10,000 RFF-SP runs
(approximately corresponding to parameter sets with the median cli-
mate sensitivity; emissions uncertainty), the contribution of internal
variability defined as the uncertainty across the same median RFF-SP
scenario used to determine climate uncertainty, subtracting the sto-
chastic ensemble from the deterministic ensemble, and the total
uncertainty, along with the fractional contribution of each. In all cases,
we take the 5th to 95th percentiles of the resulting distributions to
report the uncertainties. As a completely clean separation of compo-
nents is difficult and there is likely some overlap, the sum of the indi-
vidual uncertainty components in quadrature is expected to exceed
the total uncertainty.

Data availability

RFF-SP emissions scenarios are available from https://doi.org/10.5281/
zenodo.5898729. The AR6 Working Group 3 infilling database is
available from https://doi.org/10.5281/zenodo.6390768 (registration
required). RCMIP emissions prepared for the SSP-RCP scenarios are
available from https://doi.org/10.5281/zenod0.4589756. The probabil-
istic FalR output is available from https://zenodo.org/record/
7838148. Source data are provided with this paper.

Code availability

FalR v2.1is available from https://doi.org/10.5281/zenodo.7459702 and
v1.0 of the calibration is available from (https://doi.org/10.5281/
zenodo.7545157). Code for processing probabilistic FalR output is
available at https://github.com/chrisroadmap/rff-fair2.1. The code for
FalR/Figure processing scripts is at https://github.com/erysimumcap/
RCM_RCP8.5_Probability.

References

1. Moss, R. H. et al. The next generation of scenarios for climate
change research and assessment. Nature 463, 747-756 (2010).

2. van Vuuren, D., Tebaldi, C. & O'Neill, B. C. ScenarioMIP SSC and
workshop participants. Pathways to next generation scenarios for
CMIP7: ScenarioMIP workshop report. (2023).

3. Riahi, K. et al. The shared socioeconomic pathways and their
energy, land use, and greenhouse gas emissions implications: an
overview. Glob. Env. Change 42, 153-168 (2017).

4. O'Neill, B. C. et al. The scenario model intercomparison project
(ScenarioMIP) for CMIP6. Geosci. Model Dev. 9, 3461-3482 (2016).

5. Gidden, M. J. et al. Global emissions pathways under different
socioeconomic scenarios for use in CMIP6: a dataset of harmonized
emissions trajectories through the end of the century. Geosci.
Model Dev. 12, 1443-1475 (2019).

6. Riahi, K. et al. RCP 8.5—A scenario of comparatively high green-
house gas emissions. Clim. Change 109, 33-57 (2011).

7. Pedersen, J. S. T. et al. Variability in historical emissions trends
suggests a need for a wide range of global scenarios and regional
analyses. Comm. Earth Environ. 1, 41 (2020).

8. Christensen, P., Gillingham, K. & Nordhaus, W. Uncertainty in fore-
casts of long-run economic growth. Proc. Natl Acad. Sci. USA 115,
5409-5414 (2018).

9. Kemp, L. et al. Climate endgame: exploring catastrophic cli-
mate change scenarios. Proc. Natl Acad. Sci. USA 119,
2108146119 (2022).

10. Pedersen, J. T. S. et al. IPCC emission scenarios: how did critiques
affect their quality and relevance 1990-2022? Glob. Environ.
Change 75, 102538 (2022).

1. Schwalm, C.R., Glendon, S. & Duffy, P. B. RCP8. 5 tracks cumulative
CO2 emissions. Proc. Natl Acad. Sci. USA 117, 19656-19657 (2020).

12. Burgess, M. G., Ritchie, J., Shapland, J. & Pielke, R. IPCC baseline
scenarios have over-projected CO2 emissions and economic
growth. Environ. Res. Lett. 16, 014016 (2020).

13. Hausfather, Z. & Peters, G. P. Emissions - the ‘business as usual’
story is misleading. Nature 577, 618-620 (2020).

14. Pielke Jr., R., Burgess, M. G. & Ritchie, J. Plausible 2005-2050
emissions scenarios project between 2 and 3 degrees C of warming
by 2100. Environ. Res. Lett. https://doi.org/10.1088/1748-9326/
ac4ebf (2022).

15. Skea, J., van Diemen, R., Portugal-Pereira, J. & Al Khourdajie, A.
Outlooks, explorations and normative scenarios: Approaches to
global energy futures compared. Technol. Forecast. Soc. 168,
120736 (2021).

16. Srikrishnan, V., Guan, Y., Tol, R. S. & Keller, K. Probabilistic projec-
tions of baseline twenty-first century CO2 emissions using a simple
calibrated integrated assessment model. Clim. Change 170,

37 (2022).

Nature Communications | (2024)15:8185


https://zenodo.org/record/7759089#.ZGI7kqXMK3C
https://zenodo.org/record/7759089#.ZGI7kqXMK3C
https://doi.org/10.5281/zenodo.5898729
https://doi.org/10.5281/zenodo.5898729
https://doi.org/10.5281/zenodo.6390768
https://doi.org/10.5281/zenodo.4589756
https://zenodo.org/record/7838148
https://zenodo.org/record/7838148
https://doi.org/10.5281/zenodo.7459702
https://doi.org/10.5281/zenodo.7545157
https://doi.org/10.5281/zenodo.7545157
https://github.com/chrisroadmap/rff-fair2.1
https://github.com/erysimumcap/RCM_RCP8.5_Probability
https://github.com/erysimumcap/RCM_RCP8.5_Probability
https://doi.org/10.1088/1748-9326/ac4ebf
https://doi.org/10.1088/1748-9326/ac4ebf
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52437-9

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chen, D. et al. in Climate Change 2021: The Physical Science Basis.
Contribution of Working Group | to the Sixth Assessment Report of
the Intergovernmental Panel on Climate Change (eds Masson-Del-
motte, V. et al.) (Cambridge Univ. Press 2021).

Huard, D., Fyke, J., Capellan-Pérez, |., Matthews, H. D. & Partanen, A.
. Estimating the likelihood of GHG concentration scenarios from
probabilistic integrated assessment model simulations. Earth’s
Future 10, e2022EF002715 (2022).

Rennert, K. et al. Comprehensive evidence implies a higher social
cost of CO,. Nature 610, 687-692 (2022).

Rennert, K. et al. The social cost of carbon: advances in long-term
probabilistic projections of population, GDP, emissions, and dis-
count rates. Brook. Pap. Econ. Act. 2021, 223-305 (2022).
Lamboll, R. D., Nicholls, Z. R., Kikstra, J. S., Meinshausen, M. &
Rogelj, J. Silicone v1. 0.0: an open-source Python package for
inferring missing emissions data for climate change research.
Geosci. Model Dev. 13, 5259-5275 (2020).

Leach, N. J. et al. FalRv2. 0.0: a generalized impulse response
model for climate uncertainty and future scenario exploration.
Geosci. Model Dev. 14, 3007-3036 (2021).

Sarofim, M. C. et al. A temperature binning approach for multi-
sector climate impact analysis. Clim. Change 165, 22 (2021).
Hartin, C. et al. Advancing the estimation of future climate
impacts within the United States. Earth Syst. Dyn. 14, 1015-1037
(2023).

Tebaldi, C., Armbruster, A., Engler, H. & Link, R. Emulating climate
extreme indices. Environ. Res. Lett. 15, 074006 (2020).

Wells, C. D., Jackson, L. S., Maycock, A. C. & Forster, P. M. Under-
standing pattern scaling errors across a range of emissions path-
ways. Earth Syst. Dyn. 14, 817-834 (2023).

Meinshausen, M. et al. A perspective on the next generation of Earth
system model scenarios: towards representative emission path-
ways (REPs). Geosci. Mod. Dev. 17, 4533-4559 (2024).
Schleussner, C.-F. et al. Differential climate impacts for policy-
relevant limits to global warming: the case of 1.5 C and 2 C. Earth
Syst. Dyn. 7, 327-351 (2016).

Ansolabehere, S. et al. The Future of Nuclear Power. (Massachusetts
Institute of Technology, 2003).

Byers, E. et al. AR6 scenarios database. https://doi.org/10.5281/
zenodo.7197970 (2022).

Fredriksen, H.-B. et al. 21st century scenario forcing increases
more for CMIP6 than CMIP5 models. Geophys. Res. Lett. 50,
102916 (2023).

Tebaldi, C. et al. Climate model projections from the scenario
model intercomparison project (ScenarioMIP) of CMIP6. Earth Syst.
Dyn. 12, 253-293 (2021).

Wyser, K., Kjellstrom, E., Koenigk, T., Martins, H. & Doscher, R.
Warmer climate projections in EC-Earth3-Veg: the role of changes
in the greenhouse gas concentrations from CMIP5 to CMIP6.
Environ. Res. Lett. 15, 054020 (2020).

Hawkins, E. & Sutton, R. The potential to narrow uncertainty in
regional climate predictions. Bull. Am. Meteor. Soc. 90,
1095-1108 (2009).

Lehner, F. et al. Partitioning climate projection uncertainty with
multiple large ensembles and CMIP5/6. Earth Syst. Dyn. 11,
491-508 (2020).

Sokolov, A. P. et al. Probabilistic forecast for twenty-first-century
climate based on uncertainties in emissions (without policy) and
climate parameters. J. Clim. 22, 5175-5204 (2009).

Barron, A. R. Time to refine key climate policy models. Nat. Clim.
Change 8, 350-352 (2018).

Meinshausen, M. et al. The shared socio-economic pathway (SSP)
greenhouse gas concentrations and their extensions to 2500.
Geosci. Model Dev. 13, 3571-3605 (2020).

39. Liu, P.R. &Raftery, A. E. Country-based rate of emissions reductions
should increase by 80% beyond nationally determined contribu-
tions to meet the 2 C target. Comm. Earth Environ. 2, 29 (2021).

40. Morris, J., Reilly, J., Paltsev, S., Sokolov, A. & Cox, K. Representing
socio-economic uncertainty in human system models. Earth’s
Future 10, e2021EF002239 (2022).

41. Tebaldi, C. & Knutti, R. Evaluating the accuracy of climate change
pattern emulation for low warming targets. Environ. Res. Lett. 13,
055006 (2018).

42. Webster, M. et al. Uncertainty analysis of climate change and policy
response. Clim. Change 61, 295-320 (2003).

43. Rogelj, J. et al. Air-pollution emission ranges consistent with the
representative concentration pathways. Nat. Clim. Change 4,
446-450 (2014).

44. Kikstra, J. S. et al. The IPCC sixth assessment report WGIII climate
assessment of mitigation pathways: from emissions to global tem-
peratures. Geosci. Model Dev. 15, 9075-9109 (2022).

45. Gidden, M. J. et al. A methodology and implementation of auto-
mated emissions harmonization for use in integrated assessment
models. Env. Mod. Softw. 105, 187-200 (2018).

46. Riahi, K. et al. Contribution of Working Group Il to the Sixth
Assessment Report of the Intergovernmental Panel on Climate
Change. In Climate Change 2022: Mitigation of Climate Change
(eds Shukla, P. R. et al.) (Cambridge Univ. Press, 2022).

47. Nicholls, Z. et al. Reduced complexity model intercomparison
project phase 2: synthesizing earth system knowledge for
probabilistic climate projections. Earth’s Future 9,
€2020EF001900 (2021).

48. Nicholls, Z. R. et al. Reduced complexity model inter-
comparison project phase 1: introduction and evaluation of
global-mean temperature response. Geosci. Model Dev. 13,
5175-5190 (2020).

49. Intergovernmental Panel on Climate Change (IPCC). Climate
Change 2021: The Physical Science Basis. Contribution of Working
Group | to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change (eds Masson-Delmotte, V. et al.) (Cam-
bridge Univ. Press, 2021).

50. National Academies of Sciences, E., and Medicine. Valuing Climate
Damages: Updating Estimation of the Social Cost of Carbon Dioxide
(National Academies Press, 2017).

51.  Smith, C. et al. Contribution of Working Group | to the SixthAs-
sessment Report of the Intergovernmental Panel on Climate
Change. In Climate Change 2021:The Physical Science Basis
(eds Masson-Delmotte, V. et al.) (Cambridge Univ. Press, 2021).

52. Smith, C. et al. fair-calibrate v1. 4.1: calibration, constraining and
validation of the FalR simple climate model for reliable future cli-
mate projections. EGUsphere 2024, 1-36 (2024).

53. Cummins, D. P., Stephenson, D. B. & Stott, A. P. A. Optimal esti-
mation of stochastic energy balance model parameters. J. Clim. 33,
7909-7926 (2020).

54. Skeie, R. B. et al. Anthropogenic radiative forcing time series from
pre-industrial times until 2010. Atmos. Chem. Phys. 11,
1827-11857 (2011).

Acknowledgements

This research was funded by the US Environmental Protection Agency
under contract #68HERH19D0027. The views expressed in this article are
those of the authors and do not necessarily represent the views or
policies of the US Environmental Protection Agency.

Author contributions

M.C.S. conceived of the project and designed the study. C.J.S. per-
formed the FalR climate calculations. P.M. did the data analysis and
generated the figures. C.R.L. managed the project. M.C.S., C.J.S., P.M.,

Nature Communications | (2024)15:8185


https://doi.org/10.5281/zenodo.7197970
https://doi.org/10.5281/zenodo.7197970
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-52437-9

S.M., C.A.H., and E.E.M. contributed to discussions about the research,
as well as helped with writing and editing the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-52437-9.

Correspondence and requests for materials should be addressed to
Marcus C. Sarofim.

Peer review information Nature Communications thanks Matthew Bur-
gess, Jiesper Pedersen and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work. A peer review file is avail-
able.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

Thisis a U.S. Government work and not under copyright protection in the
US; foreign copyright protection may apply 2024

Nature Communications | (2024)15:8185

10


https://doi.org/10.1038/s41467-024-52437-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	High radiative forcing climate scenario relevance analyzed with a ten-million-member ensemble
	Results
	Analysis of emissions exceedance probabilities
	Analysis of radiative forcing exceedance probabilities
	Contributions to uncertainty

	Discussion
	Methods
	Generation of emission projections
	Infilling gases beyond CO2, N2O, and CH4
	Using the FaIR model for temperature projections
	Comparison and assessment

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




