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IPCC WG1 SPM :
Cumulative emissions of CO2 largely determine global mean surface warming 
by the late 21st century and beyond 

IPCC AR5 WG1 SPM

Ø Probably one 
of the few 
novelty in 
AR5...

Ø Thanks to 
ESMs (climate 
and carbon 
cycle models)



IPCC AR5 WG1 SPM

Ø To limit warming to likely less 
than 2�C from CO2 alone, 
total emissions need to be 
limited to less than 1000 GtC.

Ø Accounting for non-CO2 forcing 
as in RCP2.6 reduces the 
allowed cumulative emissions 
to about 790 GtC.

IPCC AR5 Cumulative Emissions Assessment



IPCC AR5 WG1 SPM

Ø To limit warming to likely
less than 1.5 �C
(accounting for non-CO2
forcing), CO2 emissions 
need to be below 615
GtC.

IPCC AR5 Cumulative Emissions Assessment



Ø Cumulative budget for 
1870-2016: 600�65GtC

Ø About 190GtC left for 2�C 
(less than 20 years at 
current rate)

Ø And about nothing left for 
1.5�C

Historical emissions from the GCP Global Carbon 
Budget 

C. Le Quéré et al.: Global Carbon Budget 2017 423

timated by Regnier et al. (2013) at 0.65 ± 0.35GtC yr�1. We
do not attempt to incorporate the changes in LOAC in our
study.

The inclusion of freshwater fluxes of anthropogenic CO2
affects the estimates of, and partitioning between, SLAND and
SOCEAN in Eq. (1) in complementary ways, but does not af-
fect the other terms. This effect is not included in the GOBMs
and DGVMs used in our global carbon budget analysis pre-
sented here.

2.7.3 Loss of additional sink capacity

The DGVM simulations now used to estimate SLAND are car-
ried out with a time-invariant pre-industrial land-use mask.
Hence, they overestimate the land sink by ignoring histori-
cal changes in vegetation cover due to land use and how this
affected the global terrestrial biosphere’s capacity to remove
CO2 from the atmosphere. Historical land-cover change was
dominated by transitions from vegetation types that can pro-
vide a large sink per area unit (typically forests) to others
less efficient in removing CO2 from the atmosphere (typi-
cally croplands). The resultant decrease in land sink, called
the “loss of sink capacity”, is calculated as the difference be-
tween the actual land sink under changing land cover and the
counterfactual land sink under pre-industrial land cover.

An efficient protocol has yet to be designed to estimate the
magnitude of the loss of additional sink capacity in DGVMs.
Here, we provide a quantitative estimate of this term to
be used in the discussion. Our estimate uses the compact
Earth system model OSCAR (Gasser et al., 2017), whose
land carbon cycle component is designed to emulate the be-
haviour of TRENDY and CMIP5 complex models. We use
OSCAR v2.2.1 (an update of v2.2, with minor changes) in a
probabilistic setup identical to the one of Arneth et al. (2017)
but with a Monte Carlo ensemble of 2000 simulations. For
each, we calculate separately SLAND and the loss of ad-
ditional sink capacity. We then constrain the ensemble by
weighting each member to obtain a distribution of cumula-
tive SLAND over 1850–2005 close to the DGVMs used here.
From this ensemble, we estimate a loss of additional sink ca-
pacity of 0.4 ± 0.3 GtC yr�1 on average over 2005–2014 and
by extrapolation of 20 ± 15 GtC accumulated between 1870
and 2016.

3 Results

3.1 Global carbon budget mean and variability for
1959–2016

The global carbon budget averaged over the last half-century
is shown in Fig. 3. For this time period, 82 % of the to-
tal emissions (EFF + ELUC) were caused by fossil fuels
and industry and 18 % by land-use change. The total emis-
sions were partitioned among the atmosphere (45 %), ocean
(23 %), and land (32 %). All components except land-use
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Figure 3. Combined components of the global carbon budget il-
lustrated in Fig. 2 as a function of time, for emissions from fossil
fuels and industry (EFF; grey) and emissions from land-use change
(ELUC; brown), as well as their partitioning among the atmosphere
(GATM; purple), land (SLAND; green), and oceans (SOCEAN; blue).
The partitioning is based on nearly independent estimates from ob-
servations (for GATM) and from process model ensembles con-
strained by data (for SOCEAN and SLAND) and does not exactly
add up to the sum of the emissions, resulting in a budget imbal-
ance which is represented by the difference between the bottom red
line (reflecting total emissions) and the sum of the ocean, land, and
atmosphere. All time series are in GtC yr�1. GATM and SOCEAN
prior to 1959 are based on different methods. EFF is primarily from
Boden et al. (2017) with uncertainty of about ±5 % (±1� ); ELUC
are from two bookkeeping models (Table 2) with uncertainties of
about ±50 %; GATM prior to 1959 is from Joos and Spahni (2008)
with uncertainties equivalent to about ±0.1–0.15 GtC yr�1, and
from Dlugokencky and Tans (2018) from 1959 with uncertainties
of about ±0.2 GtC yr�1; SOCEAN prior to 1959 is averaged from
Khatiwala et al. (2013) and DeVries (2014) with uncertainty of
about ±30 %, and from a multi-model mean (Table 4) from 1959
with uncertainties of about ±0.5 GtC yr�1; SLAND is a multi-model
mean (Table 4) with uncertainties of about ±0.9 GtC yr�1. See the
text for more details of each component and their uncertainties.

change emissions have grown since 1959, with important in-
terannual variability in the growth rate in atmospheric CO2
concentration and in the land CO2 sink (Fig. 4), as well as
some decadal variability in all terms (Table 6).

3.1.1 CO2 emissions

Global CO2 emissions from fossil fuels and industry have in-
creased every decade from an average of 3.1 ± 0.2 GtC yr�1

www.earth-syst-sci-data.net/10/405/2018/ Earth Syst. Sci. Data, 10, 405–448, 2018

Le Quéré et al., 2018



Confirmed on the 
web/twitter/blog-osphere

https://www.mcc-berlin.net/en/research/co2-budget.html



Where did we go wrong ?



Where did we go wrong ?
“Small” errors matter here

Models are
Well above 
observations
(too warm 
for too little 
emissions)

Observed “present-day”

Observed 2000s



Warming vs cumulative emissions
Mind the mess

Observations

ESMs

ESMs with N-cycle

ESMs without LUC

2015



Warming vs cumulative emissions

2015

Most models are

1) too warm 

2) for too little 
emissions



Let’s check models “performances”
Q1:  What is the simulated warming by the time the ESM 
compatible emissions reached present-day emissions (565 GtC) 
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Figure 3. ESM estimates of warming after 565 GtC of diagnosed cumulative CO2 emissions (a) and diagnosed cumulative CO2
emissions after 1.0°C of simulated warming (b). Filled red bars show results calculated with full global coverage surface air-
temperature warming and dashed blue outlines show blended ESM output. Dotted-dashed red and blue vertical lines indicate
ESM ensemblemeans (for global and global blended outputs) and dotted-dashed black vertical lines indicate the observations,
the human-attributable component of observed warming from HadCRUT4-CW in (a) and the GCP cumulative emissions in (b).
(Online version in colour.)

uncertainties, as described in §3a, provides a distribution for !TCO2i (t) that can be combined with
uncertainty in historical cumulative CO2 emissions to make inferences about the CO2-only TCRE
from observations.

The large uncertainty in aerosol ERF propagates into a wide range of possible contributions of
CO2 to observed warming today. Figure 1c shows 300 members of the joint distribution of CO2-
induced warming and cumulative emissions (beige lines) with the best-estimate marked with the
black line. The estimated CO2-induced warming to-date (2016) ranges from as little as 0.51°C
(5th percentile) to as much as 1.43°C (95th percentile) respectively, representing extremal cases
in which non-CO2 greenhouse gas forcing strongly dominates a weakly negative aerosol forcing
(5th percentile) and when net non-CO2 forcing is itself negative due to a strong negative aerosol
forcing, partly masking the CO2-induced warming in the present-day climate (95th percentile).
As long-lived forcing on the climate system is largely associated with elevated CO2 and N2O
concentrations (N2O currently contributes only approx. 9% of the forcing associated with CO2 in
the best-estimate case), our results indicate that there is a low, but non-zero, chance that current
warming from long-lived GHGs already exceeds 1.5°C based on current-forcing uncertainties.
This indicates that it still remains relatively unlikely that we are yet geo-physically locked-in to
a long-lived component of warming in excess of the high ambition goal of the Paris Agreement
and therefore a need to use carbon removal or solar geoengineering techniques to limit long-term
warming beneath this threshold.

The best-estimate of CO2-induced warming in 2016 is 0.74°C, corresponding to the best-
estimate radiative forcing components, in which CO2 forcing represents 74% of the net forcing
in 2016. Approximately linear relationships between cumulative emissions and attributed CO2-
induced warming are seen across the uncertainty range from the attribution analysis (figure 1c),
leading to approximately period-invariant best-estimates and uncertainty intervals on the implied
CO2-only TCRE estimates (figure 1d). The best-estimate CO2-only TCRE estimate over the most
recent decade (2007–2016) is 1.31°C/TtC and is approximately invariant over the four previous
decades considered here. The 5–95% range of the TCRE over the most recent decade is 0.88–
2.60°C/TtC, extending beyond the upper end of the 0.8–2.5°C/TtC likely range of TCRE assessed
by AR5. The overall similarity between the two ranges might be expected due to the inclusion
of observational constraints in the expert judgement underlying the AR5 assessment. While
observational attribution supports a best-estimate CO2-only TCRE in the bottom half of the AR5
likely range, the uncertainties associated with historical forcing mean that uncertainties in the
observationally estimated CO2-only TCRE remain large, and a high TCRE cannot be conclusively
ruled out by current observations.

 on April 17, 2018http://rsta.royalsocietypublishing.org/Downloaded from 

Observations

“Mean” ESM

Millar and Friedlingstein 2018

Ø Answer from 
ESMs is:

about 1.4�C (66% 
of models)
Note that 4 models 
already reached 
1.5�C by that time 
!

“Likely” ESM



Let’s check models “performances”
Q2:  What are the simulated compatible emissions by the time the 
ESM reached present-day warming (1°C) 
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Figure 3. ESM estimates of warming after 565 GtC of diagnosed cumulative CO2 emissions (a) and diagnosed cumulative CO2
emissions after 1.0°C of simulated warming (b). Filled red bars show results calculated with full global coverage surface air-
temperature warming and dashed blue outlines show blended ESM output. Dotted-dashed red and blue vertical lines indicate
ESM ensemblemeans (for global and global blended outputs) and dotted-dashed black vertical lines indicate the observations,
the human-attributable component of observed warming from HadCRUT4-CW in (a) and the GCP cumulative emissions in (b).
(Online version in colour.)

uncertainties, as described in §3a, provides a distribution for !TCO2i (t) that can be combined with
uncertainty in historical cumulative CO2 emissions to make inferences about the CO2-only TCRE
from observations.

The large uncertainty in aerosol ERF propagates into a wide range of possible contributions of
CO2 to observed warming today. Figure 1c shows 300 members of the joint distribution of CO2-
induced warming and cumulative emissions (beige lines) with the best-estimate marked with the
black line. The estimated CO2-induced warming to-date (2016) ranges from as little as 0.51°C
(5th percentile) to as much as 1.43°C (95th percentile) respectively, representing extremal cases
in which non-CO2 greenhouse gas forcing strongly dominates a weakly negative aerosol forcing
(5th percentile) and when net non-CO2 forcing is itself negative due to a strong negative aerosol
forcing, partly masking the CO2-induced warming in the present-day climate (95th percentile).
As long-lived forcing on the climate system is largely associated with elevated CO2 and N2O
concentrations (N2O currently contributes only approx. 9% of the forcing associated with CO2 in
the best-estimate case), our results indicate that there is a low, but non-zero, chance that current
warming from long-lived GHGs already exceeds 1.5°C based on current-forcing uncertainties.
This indicates that it still remains relatively unlikely that we are yet geo-physically locked-in to
a long-lived component of warming in excess of the high ambition goal of the Paris Agreement
and therefore a need to use carbon removal or solar geoengineering techniques to limit long-term
warming beneath this threshold.

The best-estimate of CO2-induced warming in 2016 is 0.74°C, corresponding to the best-
estimate radiative forcing components, in which CO2 forcing represents 74% of the net forcing
in 2016. Approximately linear relationships between cumulative emissions and attributed CO2-
induced warming are seen across the uncertainty range from the attribution analysis (figure 1c),
leading to approximately period-invariant best-estimates and uncertainty intervals on the implied
CO2-only TCRE estimates (figure 1d). The best-estimate CO2-only TCRE estimate over the most
recent decade (2007–2016) is 1.31°C/TtC and is approximately invariant over the four previous
decades considered here. The 5–95% range of the TCRE over the most recent decade is 0.88–
2.60°C/TtC, extending beyond the upper end of the 0.8–2.5°C/TtC likely range of TCRE assessed
by AR5. The overall similarity between the two ranges might be expected due to the inclusion
of observational constraints in the expert judgement underlying the AR5 assessment. While
observational attribution supports a best-estimate CO2-only TCRE in the bottom half of the AR5
likely range, the uncertainties associated with historical forcing mean that uncertainties in the
observationally estimated CO2-only TCRE remain large, and a high TCRE cannot be conclusively
ruled out by current observations.

 on April 17, 2018http://rsta.royalsocietypublishing.org/Downloaded from 

Observations

“Mean” ESM

“Likely” ESM

Millar and Friedlingstein 2018

Ø Answer from 
ESMs is:

about 440GtC (66% 
of models)



Also inconsistent with the past

IPCC AR5

Extrapolation of 
past record

Ø No reason to 
believe that 
climate & carbon 
cycle feedbacks 
would be so 
different in the 
near future than in 
the past !

Ø Same for non-
CO2 forcing: it just 
can’t explain it



Can we do better?



Take CMIP5 models 

Millar et al, Nature Geo 2017
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Figure 1 | Warming as a function of cumulative CO2 emissions in the CMIP5 ensemble. a, Cumulative emissions since 1870 and warming relative to the
period 1861–80, adapted from figure 2.3 of ref. 11. The red and grey plumes show the 5–95% range of model response under the RCPs and 1% annual CO2
increase scenarios, respectively. Thick coloured lines show ensemble-mean response to the RCP forcing scenarios. Ellipses show cumulative emissions and
warming in 2100 for di�erent categories of future emissions scenario. Black cross shows uncertainty in 2015 human-induced warming and observed
cumulative emissions. b, As for a, but with cumulative emissions given since January 2015 and warming relative to the period 2010–2019. Dashed vertical
grey lines show the threshold-exceedance budgets (TEBs) below which over 66% of models have warmed less than 1.5 �C above 1861–80 in a, and less
than 0.6 �C above 2010–19 in b.

carbon budget for 1.5 �C, this is an important discrepancy. IPCC-
AR5 also calculated the percentiles of the CMIP5 distribution
that exceeded given thresholds of warming relative to the average
of 1986–2005 (Table 12.3 of ref. 14), adding a further 0.61 �C
to express these relative to 1850–1900. However, this reference
period and the GCM ensemble used in this table are not identical
to the ESM ensemble used to derive estimates of the carbon
budget, for which a volcano-free reference period is preferred, to
focus on human-inducedwarming.Moreover, since the discrepancy
in warming between ESMs and observations emerges only after
2000, expressing warming relative to the 1986–2005 reference
period does not entirely resolve it and also does not address the
small underestimation of cumulative emissions to date. Figure 1b
shows an alternative analysis of the CMIP5 ensemble to assess
the remaining carbon budget for an additional 0.6 �C of warming
beyond the current decade, a possible interpretation of ‘pursuing
e�orts to limit the temperature increase to 1.5 �C’ in light of
estimated human-inducedwarming to date. Themedian response of
the CMIP5 models indicates allowable future cumulative emissions
(threshold-exceedance budget or TEB15) of 223GtC for a further
0.6 �C warming above the 2010–2019 average, and a 204GtC
remaining TEB from 2015 to keep warming likely below this
value (meaning, by the time cumulative emissions from 2015 reach
204GtC, 66% of CMIP5models have warmed less than 0.6 �C above
the present decade, consistent with the methodology for assessing
the 2 �C carbon budget in IPCC-AR516). Given uncertainty in
attributable human-induced warming to date, di�erences between
observational products and true global surface air temperature17,
and the precise interpretation of the 1.5 �C goal in the Paris
Agreement (for example, the choice of pre-industrial reference
period which temperatures are defined relative to18), budgets
corresponding to a range of levels of future warming should also be
considered—see Table 1 and the Supplementary Information.

TEBs are useful because peak CO2-induced warming is a
function (shown by the grey plume in Fig. 1) of cumulative
CO2 emissions and approximately independent of emission path,
although threshold behaviour, such as sudden carbon release from
thawing permafrost, might complicate this relationship19. This does
not apply to non-CO2 forcing, which is relativelymore important for
ambitious mitigation scenarios. The rapid warming from the 2000s

to the 2030s in CMIP5 arises partly from strong increases in net
non-CO2 forcing over this period in the driving RCP scenarios, due
to simulated rapid reductions in cooling aerosol forcing. It remains
unclear whether this increase in non-CO2 forcing will be observed
if future reductions in aerosol emissions occur because present-day
e�ective non-CO2 forcing is still highly uncertain20. Table 2 shows
budgets for thresholds of future warming in the CMIP5 ensemble
under an RCP2.6 scenario, a stabilization scenario in which non-
CO2 forcing across the rest of the century remains closer to the
2010–2019 average than in the RCP8.5 scenario. This allows more
CO2-induced warming for the same total, increasing the median
TEB of the CMIP5 distribution for an additional 0.6 �C to 303GtC
and the 66th percentile to 242GtC.

In many current ambitious mitigation scenarios (for example,
RCP2.6 (ref. 21), dark blue lines in Fig. 2), substantial CO2
emission reductions begin in 2010, such that both emissions and
forcing are already inconsistent with observed climate state and
emission inventories to date. The thick dark green lines in Fig. 2
show an amended version of RCP2.6 that is more consistent with
current emissions and estimated present-day climate forcing. This
scenario, hereafter referred to as RCP2.6-2017, assumes the same
proportional rates of change of both CO2 and other anthropogenic
forcing components as in the standard RCP2.6 scenario from
2010, but with the mitigation start date delayed by seven years to
2017 (following the RCP8.5 scenario22 between 2010–2017). This is
more representative of a possible mitigation pathway from today:
many nations are already planning on policy action to reduce
emissions over the 2015–2020 period, in anticipation of achieving
their NDC commitments in the future. Total anthropogenic
radiative forcing peaks in 2050 (at 3.41Wm�2) in RCP2.6-2017, as
opposed to in 2043 (at 3.00Wm�2) under RCP2.6. The grey lines
represent emissions pathways from the IPCC 430–480 ppm scenario
category23,24 but with proportional decreases in radiative forcing also
delayed by seven years to start in 2017.

Figure 2c shows the implications of these scenarios for future
warming, evaluated with a simple climate model that reproduces
the response of the CMIP5 models to radiative forcing under
ambitious mitigation scenarios (Supplementary Methods). Like
other simple climate models, this lacks an explicit physical link
between oceanic heat and carbon uptake. It allows a global feedback

742
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Normalize ESMs to present-day
warming and emissions

Assume an historical human-induced warming of about 1.0°C, remaining budget 
(from 2015) is about 190 GtC (as opposed to 65 GtC in AR5). 
0.1°C uncertainty on historical warming translates into about 40GtC uncertainty 
in remaining budget 
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Figure 1 | Warming as a function of cumulative CO2 emissions in the CMIP5 ensemble. a, Cumulative emissions since 1870 and warming relative to the
period 1861–80, adapted from figure 2.3 of ref. 11. The red and grey plumes show the 5–95% range of model response under the RCPs and 1% annual CO2
increase scenarios, respectively. Thick coloured lines show ensemble-mean response to the RCP forcing scenarios. Ellipses show cumulative emissions and
warming in 2100 for di�erent categories of future emissions scenario. Black cross shows uncertainty in 2015 human-induced warming and observed
cumulative emissions. b, As for a, but with cumulative emissions given since January 2015 and warming relative to the period 2010–2019. Dashed vertical
grey lines show the threshold-exceedance budgets (TEBs) below which over 66% of models have warmed less than 1.5 �C above 1861–80 in a, and less
than 0.6 �C above 2010–19 in b.

carbon budget for 1.5 �C, this is an important discrepancy. IPCC-
AR5 also calculated the percentiles of the CMIP5 distribution
that exceeded given thresholds of warming relative to the average
of 1986–2005 (Table 12.3 of ref. 14), adding a further 0.61 �C
to express these relative to 1850–1900. However, this reference
period and the GCM ensemble used in this table are not identical
to the ESM ensemble used to derive estimates of the carbon
budget, for which a volcano-free reference period is preferred, to
focus on human-inducedwarming.Moreover, since the discrepancy
in warming between ESMs and observations emerges only after
2000, expressing warming relative to the 1986–2005 reference
period does not entirely resolve it and also does not address the
small underestimation of cumulative emissions to date. Figure 1b
shows an alternative analysis of the CMIP5 ensemble to assess
the remaining carbon budget for an additional 0.6 �C of warming
beyond the current decade, a possible interpretation of ‘pursuing
e�orts to limit the temperature increase to 1.5 �C’ in light of
estimated human-inducedwarming to date. Themedian response of
the CMIP5 models indicates allowable future cumulative emissions
(threshold-exceedance budget or TEB15) of 223GtC for a further
0.6 �C warming above the 2010–2019 average, and a 204GtC
remaining TEB from 2015 to keep warming likely below this
value (meaning, by the time cumulative emissions from 2015 reach
204GtC, 66% of CMIP5models have warmed less than 0.6 �C above
the present decade, consistent with the methodology for assessing
the 2 �C carbon budget in IPCC-AR516). Given uncertainty in
attributable human-induced warming to date, di�erences between
observational products and true global surface air temperature17,
and the precise interpretation of the 1.5 �C goal in the Paris
Agreement (for example, the choice of pre-industrial reference
period which temperatures are defined relative to18), budgets
corresponding to a range of levels of future warming should also be
considered—see Table 1 and the Supplementary Information.

TEBs are useful because peak CO2-induced warming is a
function (shown by the grey plume in Fig. 1) of cumulative
CO2 emissions and approximately independent of emission path,
although threshold behaviour, such as sudden carbon release from
thawing permafrost, might complicate this relationship19. This does
not apply to non-CO2 forcing, which is relativelymore important for
ambitious mitigation scenarios. The rapid warming from the 2000s

to the 2030s in CMIP5 arises partly from strong increases in net
non-CO2 forcing over this period in the driving RCP scenarios, due
to simulated rapid reductions in cooling aerosol forcing. It remains
unclear whether this increase in non-CO2 forcing will be observed
if future reductions in aerosol emissions occur because present-day
e�ective non-CO2 forcing is still highly uncertain20. Table 2 shows
budgets for thresholds of future warming in the CMIP5 ensemble
under an RCP2.6 scenario, a stabilization scenario in which non-
CO2 forcing across the rest of the century remains closer to the
2010–2019 average than in the RCP8.5 scenario. This allows more
CO2-induced warming for the same total, increasing the median
TEB of the CMIP5 distribution for an additional 0.6 �C to 303GtC
and the 66th percentile to 242GtC.

In many current ambitious mitigation scenarios (for example,
RCP2.6 (ref. 21), dark blue lines in Fig. 2), substantial CO2
emission reductions begin in 2010, such that both emissions and
forcing are already inconsistent with observed climate state and
emission inventories to date. The thick dark green lines in Fig. 2
show an amended version of RCP2.6 that is more consistent with
current emissions and estimated present-day climate forcing. This
scenario, hereafter referred to as RCP2.6-2017, assumes the same
proportional rates of change of both CO2 and other anthropogenic
forcing components as in the standard RCP2.6 scenario from
2010, but with the mitigation start date delayed by seven years to
2017 (following the RCP8.5 scenario22 between 2010–2017). This is
more representative of a possible mitigation pathway from today:
many nations are already planning on policy action to reduce
emissions over the 2015–2020 period, in anticipation of achieving
their NDC commitments in the future. Total anthropogenic
radiative forcing peaks in 2050 (at 3.41Wm�2) in RCP2.6-2017, as
opposed to in 2043 (at 3.00Wm�2) under RCP2.6. The grey lines
represent emissions pathways from the IPCC 430–480 ppm scenario
category23,24 but with proportional decreases in radiative forcing also
delayed by seven years to start in 2017.

Figure 2c shows the implications of these scenarios for future
warming, evaluated with a simple climate model that reproduces
the response of the CMIP5 models to radiative forcing under
ambitious mitigation scenarios (Supplementary Methods). Like
other simple climate models, this lacks an explicit physical link
between oceanic heat and carbon uptake. It allows a global feedback
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Table 1 | Future cumulative budgets (GtC) from January 2015
for percentiles of the distribution of RCP8.5 simulations of
CMIP5 models and various levels of future warming above the
modelled 2010–2019 average.

Warming above
2010–2019 average (�C)

Percentiles of CMIP5 models

90% 66% 50% 33% 10%
0.3 80 106 119 142 189
0.4 107 133 155 172 242
0.5 137 168 186 209 299
0.6 164 204 223 250 333
0.7 199 245 256 289 387
0.8 231 279 301 333 438
0.9 274 321 348 376 505
1.0 306 358 382 421 579
1.1 332 395 416 464 653
Percentiles correspond to the percentage of CMIP5 models that have greater cumulative
emissions for the given level of warming.

between temperature and carbon uptake from the atmosphere, but
no direct link with net deforestation. It also treats all forcing agents
equally, in the sense that a single set of climate response parameters
is used in for all forcing components, despite some evidence of
component-specific responses25,26. We do not, however, attempt to
calibrate the model directly against observations, using it instead to
explore the implications of ranges of uncertainty in emissions12, and
forcing and response derived directly from the IPCC-AR5, which
are derived from multiple lines of evidence and, importantly, do
not depend directly on the anomalously cool temperatures observed
around 2010. Non-CO2 forcing and the transient climate response
(TCR) co-vary within AR5 ranges to consistently reproduce
present-day externally forced warming (Methods), and as in
Fig. 1b, we quote uncertainties in future temperatures relative to
this level.

The limits of the green plume in Fig. 2c show peak warming
under the RCP2.6-2017 scenario is likely between 1.24–2.03 �C
(1.12–1.99 �C for 2100 warming) given a 2015 externally forced
warming of 0.92 �C. The IPCC-AR5 did not propose a ‘best-
estimate’ value of the TCR, but using a central value of 1.6 � C
(themedian of a log-normal distribution consistent with IPCC-AR5
likely ranges, the typical shape of most reported TCR distributions
in ref. 16), RCP2.6-2017 gives a median peak warming of 1.55 �C
above pre-industrial (1861–1880 mean) and 1.47 �C in 2100,
approximately consistent with as likely as not (50% probability of)
warming below 1.5 �C in 2100.

The shaded green bands show the central four probability
sextiles of the distribution of responses to RCP2.6-2017 for a log-
normal distribution for the TCR (see Supplementary Methods
for alternative distributions). Under RCP2.6-2017, peak warming
is likely below 2 �C, and well below 2 �C by the end of the
century. However, such a scenario cannot exclude a non-negligible
probability of peak warming significantly in excess of 2 �C,
particularly given the possibility of nonlinear climate feedbacks, for
which there is some evidence in more complex GCMs27.

Emissions in Fig. 2a are diagnosed from radiative forcing in
Fig. 2b using a version of the IPCC-AR5 carbon-cycle impulse-
response function28, with a minimal modification to account
for the change in the impulse response between pre-industrial
and twenty-first century conditions due to atmospheric CO2 and
temperature-induced feedbacks on carbon uptake, as observed
in Earth system models29. This simple model reproduces the
response of ESMs to ambitiousmitigation scenarios (Supplementary
Information) including, with best-estimate parameters, near-
constant temperatures following a cessation of CO2 emissions. The

Table 2 | Future cumulative budgets (GtC) from January 2015
for percentiles of the distribution of RCP2.6 simulations of
CMIP5 models and various levels of future warming above the
modelled 2010–2019 average.

Warming above
2010–2019 average (�C)

Percentiles of CMIP5 models

90% 66% 50% 33% 10%
0.3 89 106 118 133 245
0.4 106 152 173 193 NA
0.5 126 191 214 258 NA
0.6 143 242 303 NA NA
0.7 170 291 NA NA NA
0.8 177 372 NA NA NA
0.9 277 NA NA NA NA
1.0 468 NA NA NA NA
1.1 NA NA NA NA NA
Percentiles correspond to the percentage of CMIP5 models that have greater cumulative
emissions for the given level of warming. If an insu�cient number of models warm above a
particular threshold to calculate a given percentile of the total model distribution then a value
of NA is given.

temperature response of the UVic Earth System Climate Model
(UVic ESCM)30–32 driven by the diagnosed RCP2.6-2017 emissions
scenario and non-CO2 forcing is shown in Fig. 2c (orange line),
and is emulated well by the simple carbon-cycle–climate model
with equivalent climate response parameters (thin green line, see
Methods). Carbon-cycle feedback uncertainties (see Methods) have
only limited scope to influence the allowable emissions under
scenarios in which concentrations and temperatures peak at a
relatively low level.

Since RCP2.6-2017 represents a scenario with ambitious CO2
and non-CO2 mitigation, it currently lies near the lower limit of
2100 anthropogenic forcing available in the literature4,15, as shown
by the grey lines in Fig. 2. We have not assumed any additional
non-CO2 mitigation beyondRCP2.6, but uncertainties inmitigation
technologies and demand reduction measures decades into the
futuremean that non-CO2 mitigationmay yet play a larger role than
indicated here.

Adaptive mitigation and carbon budgets
The Paris Agreement establishes a regime of continuously
updated commitments informed by on-going scientific and
policy developments and the overarching temperature and
emission reduction goal. Therefore, we re-estimate carbon
budgets, accounting for the present-day climate state and current
uncertainty in the climate response, and assuming mitigation
e�orts are perfectly adapted over time to achieve a warming in
2100 of 1.5 �C for a range of possible realizations of the climate
response2,33. Figure 3a shows a distribution of future temperature
trajectories, for di�erent climate responses, that are all consistent
with observed attributable warming in 2015 and a smooth transition
to 1.5 �C in 2100. The limits of the green plume show temperature
trajectories associatedwith IPCC-AR5 likely ranges for the TCR and
equilibrium climate sensitivity (ECS), with bands delineating the
central four sextiles of the distribution. These temperatures initially
follow the responses to the RCP2.6-2017 scenario (the green plumes
in Fig. 2c) but are then smoothly interpolated over the coming
century to the trajectory given by the best-estimate response (see
Supplementary Methods). This provides a simple representation of
goal-consistent pathways for a range of possible climate responses34.
In contrast to a scenario-driven, forward-modelling approach (for
example, ref. 6 and Fig. 2), the temperature trajectories in Fig. 3a
define the scenario, from which corresponding CO2 emission
pathways (Fig. 3b) are derived, similar to the temperature-tracking
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Figure S1: As in Figure 2 of the main text but with time axes extended back 
to 1900.  
 

 
Figure S2: A simple empirical approach to estimating future carbon budgets 
assuming a constant ratio of anthropogenic warming to cumulative carbon 
emissions. Red line shows observed temperatures plotted against historical 
emissions relative to the end of 2014, black line shows best-fit anthropogenic 
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present warming (Fig. 2, horizontal axis) with the reported cumula-
tive fossil fuel carbon emissions at present warming (Fig. 2, dashed 
line), 1.5 °C carbon budgets might be observationally constrained 
by screening out models that are inconsistent with observations. 
We apply a consistency test (see Methods) that accounts for uncer-
tainties related to internal variability, uncertainties in the observed 
estimate of cumulative carbon emissions, and observational uncer-
tainties in temperature (see Methods). To assess robustness, we 
apply the result using temperatures and cumulative emissions aver-
aged over three periods (see Methods).

Sixteen models were screened with a consistency test (see 
Methods), with models screening in if the test yielded a P value 
larger than 0.1. The test was carried out for three different base peri-
ods: 1995–2006, 2002–2011 and 2006–2015, with 14, 12 and 8 mod-
els screening in, respectively, for each period (see Methods, Fig. 2,  
Supplementary Table 2 and Supplementary Fig. 2). Carbon budgets 
consistent with staying below 1.5 °C warming were calculated based 
on all model responses (Fig. 3, ALL models), and based only on 
models that are consistent with observations (OC) over the three 
periods considered (Fig. 3, OC models). In each case, all available 
ensemble members were used, with ensemble members weighted in 
such a way that each model had equal weight to avoid a bias towards 
models with larger ensembles23 (see Methods equations (1) and (2)). 
The right-hand edges of the bars in Fig. 3 represent percentiles of 
the resulting distributions. The unconstrained carbon budgets for 
1.5 °C warming (Fig. 3, ALL models) closely resemble the values 
reported by IPCC AR58(see fig. TFE.8in ref.32 and Fig. 1), with small 
differences arising from our consideration of multiple ensemble 
members, inclusion of RCP 4.5 results, and the slightly different sets 
of models used. The 10th percentile of the unconstrained budgets 
had already been exceeded in 2015 (Fig. 3, ALL models, 1861–1880 
baseline), suggesting a greater than 10% chance that emissions 
to date should have already caused 1.5 °C warming. The median 

remaining carbon budget left to emit from January 2016, consis-
tent with staying below 1.5 °C peak warming, is 74.5 PgC, based on 
unconstrained responses of all models considered here. Applying 
observational constraints to emission budgets relative to 1860–1881 
does not substantially change this budget, with an increase in the 
median budget relative to 1860–1881 of 8 PgC using observations 
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Fig. 1 | Time series of global mean temperature and cumulative carbon emissions for RCP 4.5 and 8.5 scenarios. a, Global mean temperature anomaly 
(decadal mean). b, Cumulative fossil fuel carbon emissions. c, Cumulative total carbon emissions. d, Temperature change as a function of cumulative total 
carbon emissions. The dotted lines in a and d indicate the warming level for decade 2006–2015 (0.89!°C, mean from the observational data sets13–18; see 
Methods), and the dashed lines indicate the 1.5!°C warming threshold. The asterisk in d indicates the observed historical cumulative carbon emissions 
for the period 1870–2010, with a median value of 515!PgC (± 20!PgC; refs. 8,11), where end of year 2010 represents the middle of the 2006–2015 decade. 
Anomalies are relative to 1861–1880, and were calculated with respect to the corresponding year in the pre-industrial control simulation to remove the 
effects of any drift. The legend indicates the different models considered.
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Fig. 2 | Cumulative total carbon budgets consistent with 1.5!°C warming 
(for RCP 4.5 and 8.5 scenarios) as a function of simulated cumulative 
fossil fuel carbon emissions at present warming. The dashed line indicates 
an estimate of the observed historical cumulative fossil fuel emissions for 
the period 1870–2010, with a median value of 360.8!PgC (ref. 12; the  
± 20!PgC uncertainty of this estimate is indicated by the horizontal black 
bar). Different symbols (indicated in the legend) represent cumulative 
emissions budgets calculated using different observational data sets 
of temperature. Models (listed in the key) shown in shades of blue or 
green passed the consistency test based on the 2006–2015 period (see 
Methods), and models in shades of red and orange failed it.
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over the period 2006–2015 and a decrease in the median budget of 
13 PgC using observations over periods 2002–2011 or 1995–2006 
(Fig. 3, top three bars).

Although applying observational constraints to CMIP5 models 
does not substantially change emissions budgets calculated relative 
to 1861–1880, changing the base period to the recent decade (2006–
2015; Fig. 3, ALL models) substantially increases the median carbon 
budget left to emit from January 2016 5 from 74.5 PgC to 208 PgC 
remaining, and reduces the 10–90% uncertainty range width by 
64 PgC (from 367 PgC to 303 PgC), due to elimination of uncertain-
ties related to historical carbon emissions9. Comparing these results 
with the carbon budgets reported in IPCC AR5 (Supplementary 
Table 1)2,6, the remaining carbon budgets reported in this study are 
nearly four times as large as the IPCC AR5 remaining carbon bud-
get estimate of 55 PgC (based on ref. 10; Supplementary Table 1).

The increase in the median remaining 1.5 °C carbon budget var-
ies between 174 PgC and 226 PgC depending on which of five recent 
observational data sets is used to determine the level of present 
warming, but in all cases this is a substantial increase compared to 
the IPCC AR5 budget (Fig. 4). The increase in the median remain-
ing carbon budget resulting from changing the base period to a more 
recent one was also explored for other base periods (1989–1998, 
1995–2006, 2002–2011 and 2012–2015; Supplementary Fig. 3).  
As might be expected, changing the base period to a less recent one 
(for example, 1989–1998; Supplementary Fig. 3) results in a smaller 
increase in the remaining median carbon budget.

The carbon budgets reported here are threshold exceedance 
budgets (TEBs)6, because they are based on emissions budgets cal-
culated just before temperatures first exceed 1.5 °C in RCP scenario 
simulations. The levels of non-CO2 forcings at this point of exceed-
ance may not be representative of levels at stabilization in a sce-
nario that limits warming to 1.5 °C. As shown in a previous study6, 
non-CO2 radiative forcing at the time of crossing 2.0 °C for RCP 4.5 
and 8.5 is at the higher end of the distribution of such forcing over 
a broader range of scenarios, so the contributions from non-CO2 
forcings may be on the higher end of warming estimates at the time 
of crossing 1.5 °C as well. An alternative approach is to calculate 
threshold avoidance budgets (TABs)6 from simulations forced with 

lower emissions scenarios in which these warming thresholds are 
not exceeded. However, such simulations are not available for the 
set of comprehensive ESMs considered here. The committed warm-
ing after cessation of emissions in TEB scenarios is likely to be small 
for low warming climate targets such as 1.5 or 2.0 °C (ref. 24) due 
to the additional warming from declining ocean heat uptake being 
compensated by a decline in atmospheric CO2 concentration (and 
hence, a decline in CO2 radiative forcing) due to ongoing carbon 
uptake, especially by the ocean, when emissions cease in low-con-
centration scenarios24. According to previous research24, accounting 
for a maximum committed warming up to 0.1 °C by the end of the 
century (for a scenario where the atmospheric CO2 concentration 
reaches double the pre-industrial values)24 would reduce the carbon 
emission budget by a maximum of ~17%.

The CMIP5 models considered here do not include permafrost 
carbon feedbacks that could lead to additional warming25, estimated 
to range from 0.13 to 0.27 °C by year 2100, primarily based on the RCP 
8.5 scenario26, and hence reduce carbon budgets27. However, these 
feedbacks become more important at higher levels of warming2,28, and 
we would not expect them to have a substantial impact on our results 
for the 1.5 °C carbon budgets. Also, it is important to recognize ambi-
guities in defining the Paris Agreement 1.5 °C target, as the choice of 
pre-industrial baseline introduces uncertainties of 0.1–0.2 °C if the 
1.5 °C warming is calculated from earlier periods29 than the standard 
IPCC baseline (1861–1880), which is our focus here.

To summarize, CMIP5 models on average simulate more warm-
ing as a function of cumulative carbon emissions than observed 
over the historical period. Because there is only a weak relation-
ship between diagnosed cumulative emissions at present warming 
levels and at 1.5 °C, subsetting models based on consistency with 
observed warming does not substantially change 1.5 °C emissions 
budgets. However, changing the anomaly base period to the recent 
decade9 (2006–2015) eliminates uncertainties in the climate–carbon 
response in the historical period, arising from discrepancies between 

0 100 200 300 400

Cumulative total carbon emissions (PgC)

B
as

e 
pe

rio
d

0 100 200 300 400 500 600 700 800 900 1,000

ALL models

OC (1995–2006 test)
OC (2002–2011 test)
OC (2006–2015 test)
ALL models

0.10 0.33 0.50 0.66 0.90 Percentiles

2006–2015

1861–1880
1861–1880
1861–1880
1861–1880

Fig. 3 | Cumulative frequency distribution of carbon budgets consistent 
with staying below 1.5!°C global warming. The two lower bars are based 
on all (unconstrained) CMIP5 models considered here (ALL), and the top 
three bars represent observationally constrained budgets based on models 
consistent with observations (OC) at the 0.1 significance level. The grey 
dashed line indicates the observational total cumulative carbon emissions 
for 1870–2015, with a median value of 555!PgC (ref. 11), while the dotted line 
indicates cumulative carbon emissions up to the end of 2010. The top four 
bars show carbon budgets relative to 1861–1880 (blue x axis). The bottom 
bar shows carbon budgets relative to the recent decade 2006–2015 and 
the present level of warming (see Methods and refs. 13–18), offset by the 
IPCC estimate of cumulative carbon emissions up to the end of 2010. The 
lower (black) x axis shows carbon budgets from January 2016. The black 
arrow indicates the extension in 1.5!°C median carbon budget due to a 
change of the baseline of cumulative carbon emissions calculations. See 
Methods for details of how the distributions were calculated. Note that the 
percentiles indicated in the legend refer to the right-hand edge of each bar.

0
Cumulative total carbon emissions (PgC)

2006–2015

1861–1880

B
as

e 
pe

rio
d

0 500 1,000

BE
CW
GISS
HadCRUT4
NOAA

Mean

0.10 0.33 0.50 0.66 0.90 Percentiles

100 200 300 400 600 700 800 900

100 200 300 400

Fig. 4 | Cumulative frequency distribution of carbon budgets consistent 
with staying below 1.5!°C global warming based on all CMIP5 models 
considered here for two different base periods and five different 
observational data sets. The grey dashed line indicates the observational 
total cumulative carbon emissions for the period 1870–2015, with a median 
value of 555!PgC (ref. 11), and the dotted line indicates cumulative carbon 
emissions up to the end of 2010. The top bar shows carbon budgets 
relative to 1861–1880 (blue x axis), in PgC. The remaining bars show carbon 
budgets relative to the recent decade 2006–2015, offset by the IPCC 
estimate of the cumulative carbon emissions up to the end of 2010. The 
lower (black) x axis shows carbon budgets from January 2016. The present 
levels of warming were determined for each observational temperature 
data set, as indicated on the right-hand side (see Methods and refs. 13–18). 
The black arrow indicates the extension in 1.5!°C median carbon budget 
due to changing the baseline of cumulative carbon emissions calculations. 
See Methods for details of how the distributions were calculated. The 
carbon budgets consistent with staying below 1.5!°C warming are based on 
RCP 4.5 and 8.5 scenarios. Note that the percentiles indicated in the legend 
refer to the right-hand edge of each bar.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE CLIMATE CHANGE | VOL 8 | APRIL 2018 | 296–299 | www.nature.com/natureclimatechange298

Tokarska and Gillett, Nature CC 2018

ARTICLES NATURE GEOSCIENCE

temperature anomaly make different underlying assumptions to 
those made for complex Earth system models2,5, and so the two 
approaches are complementary.

The CMIP5-based projections2,5, based on complex Earth system 
models, solve for the climate response and their emergent proper-
ties, which include climate sensitivity31–35 and the non-dimensional 
weightings of radiative forcings27–29 and heat imbalances30,36, εi and 
εN (equation (1)). Intermodel differences37 in their projections arise 
from differences in their emergent equilibrium climate sensitiv-
ity, and in how each model takes up heat and carbon, and non-
CO2 radiative forcing. However, there are differences between the 
CMIP5-based projections over the historical record and the obser-
vations (Fig. 1b,c).

In contrast, our projections are designed to lie within the uncer-
tainty bounds of the historical observations, including for warming 
and heat uptake. However, our projections require prior input dis-
tributions for model parameters, including climate sensitivity and 
the non-dimensional efficacy weightings, εi and εN, which are then 
held constant in time.

We then performed a set of perturbation experiments to test 
the robustness of our results with respect to the prior distribu-
tions of model parameters in the initial 108 simulations (Methods 
and Supplementary Table 5). These perturbation experiments use 
six alternative input distributions as the model parameters, includ-
ing an alternative geological distribution23 for climate sensitivity, S  
(Fig. 3, black dotted lines), and alternative distributions for the effi-
cacy of heat uptake, εN, the efficacy of aerosol radiative forcing, εaero, 
and the uncertainty in the radiative forcing from aerosols. These 
perturbation experiments support our inferences for projected 

warming from the default experiment (Fig. 4, compare the grey 
and blue lines (Supplementary Table 6)). Across all the perturba-
tion experiments for RCP8.5, the maximum cumulative emission 
at which 66% of the simulations remain under a warming target of 
1.5 °C only varied between 195 and 205 PgC and under a warming 
target of 2 °C only varied between 395 and 405 PgC from the start of 
year 2017 (Table 1).

Within our ensemble of observation-consistent simulations, 
both the variation in warming projections and posterior equilib-
rium climate sensitivity are correlated with the simulated values of 
multiple historical constraints (Methods, Supplementary Fig. 4 and 
Supplementary Table 8). Warming projections are the most corre-
lated to historic simulated temperature change (R2 =  0.2), but are 
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Conclusion
IPCC AR5 estimate of remaining carbon budget for 1.5°C was 60GtC

Our estimate  is about 200 GtC. This is consistent with observations 
and also confirmed by recent studies). 

That’s about 20 years at current emission level (or 40 years assuming 
emissions decrease linearly, starting now)

For 2°C, remaining budget is about 400GtC

Last: don’t believe everything you find on the web about 1.5°C !



Thank you


