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Global warming under old and new scenarios
using IPCC climate sensitivity range estimates

Joeri Rogelj', Malte Meinshausen?3 and Reto Knutti'

Climate projections for the fourth assessment report' (AR4)
of the Intergovernmental Panel on Climate Change (IPCC)
were based on scenarios from the Special Report on Emissions
Scenarios® (SRES) and simulations of the third phase of the
Coupled Model Intercomparison Project® (CMIP3). Since then,
a new set of four scenarios (the representative concentration
pathways or RCPs) was designed®. Climate projections in the
IPCC fifth assessment report (AR5) will be based on the
fifth phase of the Coupled Model Intercomparison Project®
(CMIP5), which incorporates the latest versions of climate
models and focuses on RCPs. This implies that by AR5 both
models and scenarios will have changed, making a comparison
with earlier literature challenging. To facilitate this comparison,
we provide probabilistic climate projections of both SRES
scenarios and RCPs in a single consistent framework. These
estimates are based on a model set-up that probabilistically
takes into account the overall consensus understanding of
climate sensitivity uncertainty, synthesizes the understanding
of climate system and carbon-cycle behaviour, and is at the
same time constrained by the observed historical warming.

A thorough comparison of SRES scenarios and RCPs would
ideally be based on results computed by the exact same set of
models. Running the new RCPs with the full suite of CMIP3
atmosphere—ocean general circulation models (AOGCM) is unre-
alistic because many models are now obsolete or unmaintained,
and also because the computational cost is prohibitive. The latter
restriction also applies to running all SRES scenarios with present
versions of AOGCMs. We therefore use a reduced-complexity
carbon-cycle and climate model MAGICC (ref. 6) version 6 to
compare SRES scenarios and RCPs. The MAGICC model closely
emulates” the global and annual mean behaviour of significantly
more complex AOGCM and C*MIP carbon-cycle models. We
use historical constraints and calculate probabilistic time-evolving
temperature projections for both sets of scenarios (see Methods).
We derive a climate sensitivity distribution starting from the overall
consensus understanding of climate sensitivity uncertainties—and
then re-sample the joint distribution of climate model parame-
ters such that historically observed ocean’s surface and land’s air
temperatures in both hemispheres®, as well as ocean heat uptake
observations®, are matched. The resulting model set-up closely
reflects the uncertainties in radiative forcing, carbon-cycle and
climate sensitivity from the AR4 (see Methods and ref. 10).

Equilibrium climate sensitivity (ECS)—the change in global
mean surface temperature at equilibrium following a doubling of
atmospheric carbon dioxide (CO,) concentrations—remains a crit-
ical source of uncertainty in long-term temperature projections'.
It is not a physical quantity that can be measured directly through
observations, but can be estimated with different indirect methods

(see ref. 11 and references therein). The IPCC AR4 concludes’ that
ECS is likely (greater than 66% probability'?) in the range from
2 to 4.5°C, with a most likely value (mode) of about 3 °C. Fur-
thermore, ECS is very likely (greater than 90% probability'?) larger
than 1.5°C, and values substantially higher than 4.5°C cannot be
excluded. These values seem now to be rather robust estimates
as they have not changed much for almost two decades (Table 1)
and more recent studies have supported these estimates'*!>. The
concluding statements of the IPCC AR4 synthesize the literature
but no probability density function (PDF) was provided. For our
probabilistic model framework we require such a distribution and
thus apply a methodology that aims at incorporating the IPCC
AR4 synthesizing statements transparently into one distribution.
This necessarily requires additional assumptions beyond AR4 (see
Supplementary Table S1), which are partly subjective but do not
strongly affect the results. In fact, our main result, the quan-
titative analysis of the differences between RCPs and SRES, is
hardly affected at all, which we tested by assuming alternative ECS
distributions from the literature (see Supplementary Table S2).
Our methodology translates the AR4 consensus understanding
on climate sensitivity uncertainty into a PDF, noting that this
still relies on an initial expert assessment of the multiple lines of
evidence. A methodology to formally combine climate sensitivity
estimates from different lines of evidence will remain a challenge,
as the various estimates are not fully statistically independent''.
In our interpretation of the AR4 ECS assessment we follow the
guidelines of the IPCC (refs 12,16) on the interpretation of like-
lihood ranges, but note that also other interpretations exist in
the literature'’.

Earlier studies have used different analytical forms to generate
a PDF from IPCC statements (for example, see ref. 18). We
apply a more generalized approach and create an ensemble of
ten thousand distributions (Fig. 1 and Methods) that all comply
with these AR4 synthesizing statements and of which the spread
spans the range that is left open by the IPCC AR4 assessment
(Fig. 1). A representative distribution is computed by taking the
arithmetic mean over all ten thousand distributions. The computed
distribution by design complies with the AR4 ranges (Table 1)
and the shape lies within the range found in the literature''. Our
average ECS distribution represents a mean result over ten thousand
possible outcomes, and is hence neither the most conservative nor
the most optimistic interpretation of the IPCC AR4 ECS statements.
ECS values in our average distribution are higher than 1.5°C with
95% probability, fall between 2 and 4.5 °C with 76% probability and
exceed 4.5 °C with 14% probability (Table 1). The most likely value
(mode) of our distribution is at 3 °C. The exact shape is irrelevant
for our core conclusions. Of importance is that the same model and
parameters are used to compare SRES scenarios and RCPs.
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Table 1| Key characteristics of illustrative Bayesian ECS distributions from the literature (non-exhaustive), and from this study’s
representative ECS distribution and 10,000-member ECS ensemble.

Study Probability Most likely value
Above 1.5°C Between 2.0°C and 4.5°C Above 4.5°C

Illustrative individual studies (non-exhaustive)

Hegerl et al.33 87% 44% 34% 2.0°C

Forster et al.34 82% 46% 20% 1.6°C

Annan and Hargreaves3® 98% 88% 5% 2.9°C

Forest et al.3® (‘no expert priors’ case) 100% 90% 6% 2.8°C

Knutti et al.3’ 95% 71% 20% 3.2°C

Murphy et al.38 100% 86% 14% 3.2°C

Piani et al.3® 99% 72% 24% 3.2°C

Frame et al.° 100% 85% 12% 2.8°C

Multiple lines of evidence

IPCC FARY, SAR*2, TAR*3 - 1.5-4.5°C (no probability) - -

IPCC AR4 (ref. 1) >90% > 66% Not excluded About 3°C

This study’s representative climate 95% 76% 14% 3.0°C

sensitivity distribution

Minimum-maximum values in this study’s 90to >99% 66-96% <1-33% 2.6-3.6°C

10,000-member ECS ensemble

Note that the studies listed are only a small selection of the Bayesian ECS distributions shown in Fig. 1, are not all independent and present only a small subset of studies that informed the IPCC AR4
conclusions on ECS, which were taken on the basis of multiple lines of evidence!’. Also note that the different studies use different prior distributions for climate sensitivity*#. More details are provided

in Supplementary Table S4.

A deeper level of uncertainty in the ECS distribution exists and
is illustrated by the envelope of all possible ECS distributions in
line with the AR4 ECS synthesis assessment. We have quantified
this uncertainty by means of a sensitivity analysis of our results for
the RCPs with a selection of four ECS distributions. These four
distributions represent extremes within our 10,000-member ECS
distribution ensemble. We selected the ECS with the highest cumu-
lative probability below 1.5 °C, with the highest cumulative proba-
bility above 4.5 °C, and with the highest and the lowest temperature
difference between the 17 and 83% cumulative probabilities (that
is, a very broad and a very narrow distribution), respectively.

A straightforward application of the computed ECS distribution
is to link it to atmospheric greenhouse-gas (GHG) concentrations
in a probabilistic way, as proposed previously'®. Other examples are
analyses regarding the relationship between GHG concentrations
and 2°C (ref. 20) and Table 10.8 of the AR4 (ref. 21). The latter
links equilibrium temperature increase to the CO, concentration
level equivalent to the net radiative forcing at equilibrium from all
forcing agents. It therefore takes into account the contributions of
both short- (for example, soot or other aerosols) and long-lived
species. For an equivalent CO, concentration of 450 parts per
million CO, equivalent (ppm CO,e), Table 10.8 of the AR4 gives a
best-guess temperature increase above pre-industrial at equilibrium
of 2.1°C (‘very likely’ or with greater than 90% probability"
above 1.0°C, and ‘likely’ or with greater than 66% probability'
in the range 1.4 to 3.1°C). In our results, a 450 ppm CO,e
concentration level is consistent with a probability of 60% to
exceed 2°C temperature increase at equilibrium (Fig.2) with a
minimum-maximum range of 57-89% over our four sensitivity
cases (see earlier). Likewise, limiting the global temperature increase
at equilibrium to 2°C (1.5°C) above pre-industrial levels with a
‘likely’ (greater than 66%) chance would require stabilization of
equivalent atmospheric CO, concentrations from all forcing agents
atless than 415 (370) ppm CO,e. On the basis of our four sensitivity
cases of ECS distributions, we find ranges of 380-420 ppm CO,e for
2°C, and 350-375 ppm CO,e for 1.5°C. The ability to draw such
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links in a simple, transparent way that is consistent with a consensus
assessment of ECS is becoming more important with international
climate policy starting to focus on temperature limits (such as the
1.5 and 2 °C limits mentioned in the Cancin Agreements** and in
the outcome of the Durban climate change conference).

With a representative ECS distribution at hand, the core
question of this paper can be analysed. Therefore, we first compute
temperature projections for the six SRES marker scenarios. Our
median temperature estimates (Fig. 3 and Table 2) are by definition
different from the ‘best estimate’ temperature projections in the
AR4 that were defined as the mean over all CMIP3 AOGCM
model projections®. The mean absolute difference between our
median projections and the AR4 ‘best estimate’ is however small
(less than 0.07 °C).

For the ‘likely’ (greater than 66% probability'?) ranges of
the temperature projections in the IPCC AR4, a —40 to +60%
range around the multi-model mean was given®. This range was
developed on the basis of expert judgement and all available
estimates”. Our results for the 90% uncertainty range are close
to the above-mentioned ‘likely” AR4 range (Fig. 3b and Table 2).
This contraction of the uncertainty ranges in our results is due
to the fact that we use an average ECS distribution and a single
consistent probabilistic modelling framework for our projections.
Structural model uncertainty in the energy-balance approach is
not considered. In addition, our approach assumes the range of
carbon-cycle/climate feedbacks in C*MIP to be representative of the
full uncertainties. Although this is plausible, IPCC assessments try
to additionally account for uncertainties that may not be fully sam-
pled by the ensembles of opportunities®*, and attempt to include
structural model uncertainty and uncertainty in methodological
frameworks. As our approach does not do so, the contraction of the
uncertainty ranges in our results should not be seen as an improve-
ment or correction of the IPCC assessment. Rather, the strength
of our results lies in the fact that they provide comparison data for
the SRES scenarios and RCPs derived from one single probabilistic
framework that is closely in line with the IPCC AR4 assessment.
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Figure 1| Ensemble of ECS distributions from this study and from the literature. a, Cumulative distribution functions of ECS. Thick red lines and areas
indicate sample ranges for start, end and intermediary points of the cumulative distribution functions based on the IPCC AR4 ECS synthesizing statements.
The shaded grey area bounded by a thick black line represents the envelope of all 10,000 randomly drawn ECS distributions (thin black lines) that are in
line with these AR4 ECS statements. Thin orange lines are illustrative Bayesian ECS distributions'#1833-3944-48 (more details are provided in
Supplementary Table S4). Note that not all curves of this illustrative set are equally credible and that the IPCC synthesizing statements were based on
additional lines of evidence, some of them tending to suggest a higher most likely value compared with the illustrative set of Bayesian literature PDFs
shown here. The thick yellow line is this study's representative distribution based on the IPCC AR4 ECS synthesizing statements. b, Corresponding PDFs.
Note that although the horizontal axis is truncated at 10 °C, the randomly drawn distributions were not constrained to values below 10 °C.
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Figure 2 | Probability to stay below specific equilibrium temperature increases relative to pre-industrial as a function of equivalent atmospheric CO,
concentration stabilization levels based on this study’s representative ECS distribution. Note that the left scale indicates the CO, concentration level,
equivalent to the net radiative forcing at equilibrium resulting from all forcing agents. It includes both the contributions of short- (for example, soot and
aerosols) and long-lived (for example, CO,) forcing agents. The right scale directly shows the equivalent net radiative forcing. The arrow illustrates that to
limit global temperature increase to below 2 °C with a ‘likely’ (greater than 66%) probability, equivalent CO, concentrations at equilibrium should be lower
than 415 ppm COze or the net radiative forcing at equilibrium below about 2.1W m~2,

Finally, we estimate what temperature increase the RCPs
(ref. 25) would have yielded on the basis of two different meth-
ods: emission- and concentration-driven. The emission-driven
modelling results are comparable to the SRES results, and the
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Earth-system-model-driven RCP experiments in CMIP5, whereas
the concentration-driven model runs allow for a better compa-
rability to most CMIP5 experiments, in which AOGCMs pre-
scribe atmospheric concentration levels for CO,, CHy, N,O and
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Figure 3 | Temperature projections for SRES scenarios and RCPs. a, Time-evolving temperature distributions (66% range) for the four
concentration-driven RCPs computed with this study’s representative ECS distribution and a model set-up representing closely the climate system
uncertainty estimates of the AR4 (grey areas). Median paths are drawn in yellow. Red shaded areas indicate time periods referred to in b. b, Ranges of
estimated average temperature increase between 2090 and 2099 for SRES scenarios and RCPs respectively. Note that results are given both relative to
1980-1999 (left scale) and relative to pre-industrial (right scale). Yellow and thin black ranges indicate results of this study; other ranges show the AR4
estimates (see legend at right-hand side). Colour-coding of AR4 ranges is chosen to be consistent with the AR4 (see Figure SPM.5 in ref. 1). For RCPs,
yellow ranges show concentration-driven results, whereas black ranges show emission-driven results.

Table 2 | Probabilistic estimates of temperature increase above pre-industrial levels based on this study’s representative ECS
distribution for the six SRES marker scenarios and the four RCPs.

Temperature increase above pre-industrial (°C)

Scenario 2090-2099 period 2100 2300

IPCC AR4 Best estimate Likely range Median 66% range Median 66% range
SRES B1 2.3 1.6-3.4 - - - -

SRES ATT 29 1.9-4.3 - - - -

SRES B2 29 1.9-4.3 - - - -

SRES A1B 3.2 2.2-49 - - - -

SRES A2 39 2.5-59 - - - -

SRES ATFI 4.5 29-69 - - - -

This study Median 66% range Median 66% range Median 66% range
SRES B1 24 2.0-31 25 2.0-3.2 - -

SRES A1T 29 2.5-3.7 3.0 2.5-3.8 - -

SRES B2 29 2.4-35 3.0 2.6-37 - -

SRES A1B 3.4 2.8-4.2 35 29-4.4 - -

SRES A2 3.9 3.2-4.8 4.2 3.5-5.2 - -

SRES ATFI 47 3.9-5.8 5.0 41-6.2 - -

RCP3-PD 1.5 1.3-1.9 1.5 1.3-1.9 11 0.9-1.5
RCP4.5 24 2.0-29 24 2.0-3.0 2.8 2.3-35
RCP6 29 2.5-3.6 3.0 2.6-3.7 41 3.4-5.3
RCP8.5 4.6 3.8-5.7 49 4.0-6.1 10.0 79-141

Note that estimates in AR4 were given relative to 1980-1999. The 'likely range’ denotes the ‘greater than 66%’ probability range as suggested by the IPCC (ref. 12). The '66% range' labels denote the 66%
range as such. RCP results are from concentration-driven runs. Results for emission-driven RCP runs are provided in Supplementary Table S3.
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Table 3 | Main similarities and differences between temperature projections for SRES scenarios and RCPs.

RCP SRES scenario with similar Particular differences
median temperature
increase by 2100
RCP3-PD None The ratio between temperature increase and net radiative forcing in 2100 is 0.88°C (W m~2)~" for
RCP3-PD, whereas all other scenarios show a ratio of about 0.62 °C (W m~—2)~": that is, RCP3-PD is
closer to equilibrium in 2100 than the other scenarios.
RCP4.5 SRES B1 Median temperatures in RCP4.5 rise faster than in SRES B1 until mid-century, and slower afterwards.
RCP6 SRES B2 Median temperatures in RCP6 rise faster than in SRES B2 during the three decades between 2060 and
2090, and slower during other periods of the twenty-first century.
RCP8.5 SRES ATFI Median temperatures in RCP8.5 rise slower than in SRES A1FI during the period between 2035 and

2080, and faster during other periods of the twenty-first century.

See also Supplementary Fig. S2.

other GHGs. The concentration-driven and emission-driven esti-
mates provide a proxy for RCP results from the previous CMIP3
intercomparison and C*MIP intercomparison, respectively (see
ref. 7). Here we present the concentration-driven results (Fig. 3 and
Table 2). For comparison, the emission-driven results are also given
in Fig. 3b and Supplementary Table S3.

The RCPs span a large range of stabilization, mitigation and non-
mitigation pathways. The resulting range of temperature estimates
is therefore larger than the range of the SRES scenarios, which cover
only non-mitigation scenarios (Table 2). RCP8.5, representing a
high-emission, non-mitigation future, yields a range of temperature
outcomes of 4.0 to 6.1°C by 2100 (66% range). The lowest RCP
(ref. 26), assuming significant climate action, limits global temper-
ature increase to below 2 °C with a ‘likely’ chance (greater than 66%
probability). The latter result is hence also consistent with some
AOGCMs yielding temperature projections that will exceed 2 °C for
the lowest RCP. On the basis of our four sensitivity ECS distribu-
tions, we find that the 66 (90)% uncertainty ranges for the tempera-
ture projections for the RCPs in 2100 (as reported in Table 2 on the
basis of our average ECS distribution) can be up to 13 (41)% wider
or up to 38 (41)% narrower when using one of these four extreme
ECS distributions from our set (see Supplementary Fig. S1).

Although the RCPs were not developed to mimic specific SRES
scenarios, pairs with similar temperature projections over the
twenty-first century can be found between the two sets (see also
Tables 2 and 3 and Fig. 3). The highest RCP (ref. 27) would yield
temperature projections close to those of the SRES A1FI scenario.
RCP6 temperature projections are similar to those of SRES B2 and,
likewise, RCP4.5 temperature projections to those of SRES B1.

Global mean temperature projections by the end of the
twenty-first century for the RCPs are very similar to those of
their closest SRES counterparts (Table 2). However, the transient
trajectories differ in various ways (Table 3 and Supplementary Fig.
S2). These different warming rates between SRES scenarios and
RCPs with similar year 2100 forcing are due to different transient
forcings up to then. These differences can be of importance when
assessing shorter-term climate impacts under RCPs and comparing
them to earlier literature.

All SRES scenarios are non-intervention scenarios with an
increasing forcing path during the twenty-first century. The new,
lowest RCP scenario®® is fundamentally different from these.
Its radiative forcing peaks during the twenty-first century at
around 3 W m~? and declines afterwards. Our probabilistic results
show distinct characteristics for RCP3-PD, which will have to
be validated once the comprehensive new CMIP5 data set is
available. For example, for monotonically increasing forcing paths,
global transient temperature changes linearly with the forcing?**
or, alternatively, with the global transient climate response

determined from AOGCMs or observations®. The ratio between
the temperature increase by the end of the twenty-first century and
the net anthropogenic radiative forcing shows little variation in our
projections, except for RCP3-PD. For all monotonically increasing
forcing scenarios that we analyse, this ratio has a mean value in
2100 of 0.62°C (W m™2)~! with a standard deviation of 0.03. For
RCP3-PD, the only scenario with a peak and decline evolution of
its radiative forcing, this ratio becomes 0.88 °C (W m~2)~!, which
indicates that by 2100 RCP3-PD is closer to or even above the
equilibrium warming that corresponds to its 2100 forcing.

With the probabilistic projections of this study, a consistent
comparison between SRES scenarios and RCPs is established.
A direct comparison, by either computing the new RCPs with
old AOGCM versions or computing at least one of the SRES
scenarios with the new model versions, could yield even more
insights. Therefore, the inclusion of one of the SRES scenarios (for
example, SRES A1B) in the set of scenarios ran by the CMIP5
models would be advantageous. Such an inclusion would greatly
facilitate determining whether differences between CMIP3 and
CMIP5 AOGCM results are due to the new scenarios or due to
updated model versions.

Methods

Climate sensitivity characterizes the global surface temperature response on
timescales of several centuries and includes the feedbacks due to water vapour,
lapse rate, clouds and surface albedo, that is, the feedbacks that scale with
temperature and that are implemented in CMIP3-type models. Feedbacks that
have their own intrinsic long timescale (slow vegetation changes or ice sheets)
are not considered and would enhance this concept to what is often called ‘Earth
system sensitivity’ (see ref. 11).

In this study we define an average ECS PDF that is consistent with the overall
consensus understanding of ECS of the IPCC AR4. We create ten thousand ECS
distributions by spline interpolation between uniform sampled constraints based
on the uncertainty ranges defined in the IPCC AR4. A total of eight constraints
are sampled that define six points of a cumulative PDF (Fig. 1 and Supplementary
Table S1): the temperature at the starting point, the cumulative probability at
respectively 1.5°C, 2°C, 4.5 °C and at the point of inflection, the temperature at
the point of inflection, the slope at the point of inflection and the temperature at
the end point. These constraints are sampled randomly from uniformly distributed
ranges that are chosen in a way such that they do not infer additional constraints
beyond the synthesizing statements of the IPCC AR4 but, on the contrary, facilitate
an as broad sampling of the remaining space as possible (see Supplementary
Fig. S3). Each set of eight parameters yields a cumulative ECS distribution by
applying a cubic spline interpolation through the six points the parameters
define. Subsequently, each cumulative sensitivity distribution is tested for validity.
For example, there is no evidence in the literature that supports multi-modal
distributions of ECS (ref. 11). For each distribution, we check that: the cumulative
probability between 2 °C and 4.5°C is at least 66%, only one maximum (peak)
is present, the cumulative PDF increases monotonically (this implies that the
cumulative PDF does not undershoot zero probability and does not overshoot
100% probability), and no sudden changes in the first derivative of the PDF
are allowed (that is, the distribution is kept relatively smooth by limiting the
curvature outside a 1 °C range around the peak to a maximum value). Finally, our
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representative ECS distribution is computed by taking the arithmetic mean over all
ten thousand randomly drawn distributions.

ECS is not the only source of uncertainty for projecting transient global-mean

temperatures for specific emission scenarios that is taken into account in our
set-up of the MAGICC model. From a large 82-dimensional joint distribution

of climate and radiative forcing parameters affecting the transient climate
response, we draw our parameter sets such that the marginal ECS matches a
specific distribution'®. When deriving this joint distribution, we applied year 2005
uncertainty distributions for radiative forcings as prior distributions following
Table 2.12 in ref. 30 and used observed hemispheric land/ocean temperatures® and
ocean heat uptake”® as historical constraints, as described previously'’. In addition to
the historically constrained climate response parameters, we reflect uncertainties in
future carbon-cycle responses by using—at random—one of nine C*MIP carbon-
cycle model emulations. These emulations with MAGICC closely reflect the carbon
pool dynamics when taking into account C*MIP carbon-cycle climate®. In earlier

set-ups

3132 a specific ECS distribution from the literature was matched'®. Here we

apply the same methodology to match the ECS distribution described in this study.

Whereas the SRES scenarios provide GHG emissions pathways, the RCPs are

GHG concentration pathways. In our set-up, we use the GHG emissions pathways
as provided in ref. 2, and the concentration pathways described in ref. 25, as
recommended for CMIP5. We also provide results for emission-driven RCP runs
in Supplementary Table S3.

Temperature projections ‘relative to pre-industrial” are calculated relative to

the 1850 to 1875 base period.
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