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o I don’t really know what it is, and I never talk about it

o I have some understanding, but talk about it infrequently

o I have a good understanding, and discuss it often

o I have heated dinner conversations about remaining carbon budgets, almost daily

How familiar are you with the concept of a “remaining carbon budget”?
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IPCC SR1.5, Ch 2 (Rogelj et al. 2018), Figure 2.3 (simplified)

Warming

Total emissions

Likely range

Climate science2policy  17-18th November 2020

REMAINING CARBON BUDGET



©Kasia Tokarska Photo: Wedgemount glacier, Canada

What if we overshoot?



IPCC SR 1.5. SMP Figure 3a
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Scenario names indicate Overshoot level (in PgC)

Overshoot

Net-negative 

emissions

Net-zero emissions 

• Different temperature target levels                               
(1.5, 2.0, 2.5 ºC)                                             
Main analysis shown here for 2.0 ºC

• Different levels of overshoot

• Carbon Dioxide Removal (CDR)
implemented during years 2100-2200

• Net-zero emissions during 2200-3000

• Using intermediate complexity Earth 
System Model (UVic ESCM)

IDEALIZED OVERSHOOT PATHWAYS
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to CO2 increase (FL* in Fig. 2f). The overall result in the
fully coupled simulation F 0

L is also the smallest in Fig. 2d.
The muted response of the land carbon cycle compo-
nent (CLM4) of the NorESM-ME and CESM1-BGC
models to increases in CO2 concentration and tem-
perature is not unexpected. The coupling of the carbon
and nitrogen cycles reduces the CO2 fertilization effect
due to nitrogen limitation so the response to increased

CO2 concentration in both models is lower than other
models (Thornton et al. 2009; Bonan and Levis 2010).
An interactive nitrogen cycle also counteracts increased
ecosystem respiration losses and reduced productivity
associated with temperature increase through carbon
gains associated with more available mineral nitrogen.
Other models that include coupling of terrestrial car-
bon and nitrogen cycles find similar behavior (Zaehle

FIG. 2. (a)–(c) Simulated temperature change, (d)–(f) cumulative atmosphere–landCO2 flux, and (g)–(i) cumulative atmosphere–ocean
CO2 flux from the fully, radiatively, and biogeochemically coupled 1% CO2 increase simulations for the nine participating models. Note
that in (d)–(f) the lines corresponding to the NorESM-ME and CESM1-BGC models essentially overlay each other.
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ABSTRACT

The magnitude and evolution of parameters that characterize feedbacks in the coupled carbon–climate
system are compared across nine Earth system models (ESMs). The analysis is based on results from bio-
geochemically, radiatively, and fully coupled simulations in which CO2 increases at a rate of 1%yr21. These
simulations are part of phase 5 of the Coupled Model Intercomparison Project (CMIP5). The CO2 fluxes
between the atmosphere and underlying land and ocean respond to changes in atmospheric CO2 concen-
tration and to changes in temperature and other climate variables. The carbon–concentration and carbon–
climate feedback parameters characterize the response of the CO2 flux between the atmosphere and the
underlying surface to these changes. Feedback parameters are calculated using two different approaches. The
two approaches are equivalent and either may be used to calculate the contribution of the feedback terms to
diagnosed cumulative emissions. The contribution of carbon–concentration feedback to diagnosed cumula-
tive emissions that are consistent with the 1% increasing CO2 concentration scenario is about 4.5 times larger
than the carbon–climate feedback. Differences in the modeled responses of the carbon budget to changes
in CO2 and temperature are seen to be 3–4 times larger for the land components compared to the ocean
components of participating models. The feedback parameters depend on the state of the system as well the
forcing scenario but nevertheless provide insight into the behavior of the coupled carbon–climate system and
a useful common framework for comparing models.

1. Introduction

Earth system models (ESMs) incorporate terres-
trial and ocean carbon cycle processes into coupled

atmosphere–ocean general circulation models (AOGCMs)
in order to represent the interactions between the car-
bon cycle and the physical climate system. Changes in
the physical climate affect the exchange of CO2 between
the atmosphere and the underlying land and ocean,
and the resulting changes in atmospheric concentration of
CO2 in turn affect the physical climate. Aspects of the
behavior of the carbon cycle and its interaction with the
physical climate system are characterized in terms of
carbon–concentration and carbon–climate feedback pa-
rameters (Friedlingstein et al. 2006; Boer andArora 2009;
Roy et al. 2011). Feedback parameters can be calculated
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COMPARED WITH CMIP5 MODELS
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What will the temperature 
response be?
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• Non-CO2 forcing held constant at the 
same level in all scenarios

• Lower non-CO2 warming contribution in 
scenarios that exceed temperature given 
limit earlier

• Pre-overshoot carbon budget larger in 
scenarios with higher overshoot

• Post-overshoot carbon budget does 
not differ among scenarios with low 
to moderate levels of overshoot
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carbon budget
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Ø Carbon budget at point in time when temperature target is restored after 
overshoot is consistently smaller than the pre-overshoot carbon budget

Pre-overshoot 
carbon budget

Post-overshoot 
carbon budget

MacDougall et al., ERL, 2015 

For high overshoot scenarios

HIGH OVERSHOOT LEVELS
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• Carbon cycle response differs between overshoot and 
reference non-overshoot scenario

• Global mean temperature is similar in all scenarios due 
to the lagged ocean thermal response compensating the 
pathway dependence of the carbon cycle responses 

• Carbon budgets after overshoot do not differ much in
scenarios that entail different levels of overshoot 

• Carbon budget concept remains robust for scenarios 
with low levels of overshoot, but should be used with 
caution for higher levels of overshoot, particularly for 
limiting environmental change in dimensions other than 
global mean temperature rise

Tokarska, Zickfled & Rogelj et al. 2019 ERL

OVERSHOOT - SUMMARY
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HOW MUCH TIME DO WE 
HAVE LEFT                      
before 1.5 ºC is reached?
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Chapter 2 Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development

2

Additional 
Warming 

since  
2006–2015 

[°C]*(1)

Approximate 
Warming 

since  
1850–1900 

[°C]*(1)

Remaining Carbon Budget 
(Excluding Additional 

Earth System Feedbacks*(5))
[GtCO2 from 1.1.2018]*(2)

Key Uncertainties and Variations*(4)

Percentiles of TCRE 
*(3)

Earth System 
Feedbacks 

*(5)

Non-CO2 
scenario 
variation 

*(6)

Non-CO2 
forcing and 
response 

uncertainty

TCRE 
distribution 
uncertainty 

*(7)

Historical 
temperature 
uncertainty 

*(1)

Recent 
emissions 

uncertainty 
*(8)

33rd 50th 67th [GtCO2] [GtCO2] [GtCO2] [GtCO2] [GtCO2] [GtCO2]

0.3  290 160 80  

Budgets on 
the left are 
reduced by 
about  –100 

on centennial 
time scales

0.4  530 350 230

0.5  770 530 380

0.53 ~1.5°C 840 580 420 ±250 –400 to +200 +100 to +200 ±250 ±20

0.6  1010 710 530

0.63 1080 770 570

0.7  1240 900 680

0.78  1440 1040 800

0.8  1480 1080 830

0.9  1720 1260 980

1  1960 1450 1130

1.03 ~2°C  2030 1500 1170

1.1 2200 1630 1280

1.13 2270 1690 1320

1.2  2440 1820 1430

Notes: 
*(1) Chapter 1 has assessed historical warming between the 1850–1900 and 2006–2015 periods to be 0.87°C with a ±0.12°C likely (1-standard deviation) range, and global near-surface air  
 temperature to be 0.97°C. The temperature changes from the 2006–2015 period are expressed in changes of global near-surface air temperature. 

*(2) Historical CO2 emissions since the middle of the 1850–1900 historical base period (mid-1875) are estimated at 1940 GtCO2 (1640–2240 GtCO2, one standard deviation range) until end  
 2010. Since 1 January 2011, an additional 290 GtCO2 (270–310 GtCO2, one sigma range) has been emitted until the end of 2017 (Le Quéré et al., 2018).  

*(3) TCRE: transient climate response to cumulative emissions of carbon, assessed by AR5 to fall likely between 0.8–2.5°C/1000 PgC (Collins et al., 2013), considering a normal distribution  
 consistent with AR5 (Stocker et al., 2013). Values are rounded to the nearest 10 GtCO2.

*(4) Focussing on the impact of various key uncertainties on median budgets for 0.53°C of additional warming.

*(5) Earth system feedbacks include CO2 released by permafrost thawing or methane released by wetlands, see main text. 

*(6) Variations due to different scenario assumptions related to the future evolution of non-CO2 emissions.

*(7) The distribution of TCRE is not precisely defined. Here the influence of assuming a lognormal instead of a normal distribution shown. 

*(8) Historical emissions uncertainty reflects the uncertainty in historical emissions since 1 January 2011. 

Table 2.2 | The assessed remaining carbon budget and its uncertainties. Shaded blue horizontal bands illustrate the uncertainty in historical temperature increase  
 from the 1850–1900 base period until the 2006–2015 period as estimated from global near-surface air temperatures, which impacts the additional warming   
 until a specific temperature limit like 1.5°C or 2°C relative to the 1850–1900 period. Shaded grey cells indicate values for when historical temperature increase  
 is estimated from a blend of near-surface air temperatures over land and sea ice regions and sea-surface temperatures over oceans.

2.3 Overview of 1.5°C Mitigation Pathways 

Limiting global mean temperature increase at any level requires global 
CO2 emissions to become net zero at some point in the future (Zickfeld 
et al., 2009; Collins et al., 2013). At the same time, limiting the residual 
warming of short-lived non-CO2 emissions can be achieved by reducing 
their annual emissions as much as possible (Section 2.2, Cross-Chapter 
Box 2 in Chapter 1). This would require large-scale transformations of 
the global energy–agriculture–land-economy system, affecting the 
way in which energy is produced, agricultural systems are organized, 
and food, energy and materials are consumed (Clarke et al., 2014). This 
section assesses key properties of pathways consistent with limiting 
global mean temperature to 1.5°C relative to pre-industrial levels, 
including their underlying assumptions and variations.

Since the AR5, an extensive body of literature has appeared on integrated 
pathways consistent with 1.5°C (Section 2.1) (Rogelj et al., 2015b, 2018; 
Akimoto et al., 2017; Löffler et al., 2017; Marcucci et al., 2017; Su et al., 
2017; Bauer et al., 2018; Bertram et al., 2018; Grubler et al., 2018; Holz 
et al., 2018b; Kriegler et al., 2018a; Liu et al., 2018; Luderer et al., 2018; 
Strefler et al., 2018a; van Vuuren et al., 2018; Vrontisi et al., 2018; Zhang 
et al., 2018). These pathways have global coverage and represent all 
GHG-emitting sectors and their interactions. Such integrated pathways 
allow the exploration of the whole-system transformation, and hence 
provide the context in which the detailed sectoral transformations 
assessed in Section 2.4 of this chapter are taking place.

The overwhelming majority of published integrated pathways have 
been developed by global IAMs that represent key societal systems 

SR 1.5 REMAINING BUDGETS



Sources of uncertainty

C remaining budget changes

-17%

+/- 3.4% 

-43% +43%

-43% +43%

+34%-69%

IPCC SR 1.5 (50% remaining budget)
This uncertainty is large 
because the remaining 
budget is small…

Climate uncertainties

Socio-economic uncertainties Based on SR1.5 
Table 2.2

EMBRACING THE UNCERTAINTIES

(580 GtCO2) 



• Carbon budgets are a guideline for setting climate targets  

• a tool for mobilising action towards emission reductions                                       
and reaching a net-zero emissions in the long term

• Same implications, regardless of uncertainties and limitations of TCRE

• Understanding, communicating and incorporating the risks that come with the 
current uncertainties surrounding carbon budgets is important

EMBRACING THE UNCERTAINTIES
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TOWARDS A NET-ZERO WORLD



There is a need for scientists to work together with both social scientists and policy makers                 

to communicate the implications of the remaining carbon budgets                                                       

in a way that can help improve and strengthen national climate policies.

Matthews et al. 2020 Nat. Geosci. (2020/accepted)
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CONSTRAIN ZERO IN report (2019)

A FAIR DISTRIBUTION OF THE REMAINING CARBON BUDGET        

Overview of value judgements    

and climate science components 

determining the size of the 

remaining national carbon budget 
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TOWARDS A NET-ZERO EMISSIONS

Matthews et al. 2020 Nat. Geosci. (2020/accepted)
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TOWARDS A NET-ZERO EMISSIONS

Matthews et al. 2020 Nat. Geosci. (2020/accepted)

An illustrative example of setting 

net-zero emission targets 

within a given carbon budget Net-zero emissions

40

30

20

10

C
O

2
em

is
si

on
s 

(G
t C

O
2)

Year

°

Net-zero emissions

40

30

20

10

C
O

2
em

is
si

on
s 

(G
t C

O
2)

Year

°

Net-zero emissions

1.5 C 
budget
for 2020 
to 2025

Projected
amount over
1.5 C budget
for 2025 to 2030 
given current NDCs

Well below 2 °C 
budget for 
2040 to 2045 

40

30

20

10

C
O

2
em

is
si

on
s 

(G
t C

O
2)

Year

°

°

• Current NDC pledges are insufficient to meet the Paris Agreement long-term 
temperature stabilization goal
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• Current NDC pledges are insufficient to meet the 
Paris Agreement long-term temperature stabilization 
goal

• Limiting other environmental changes (e.g., ocean 
acidification) may require even stronger emission 
reductions

• Fair allocation of the remaining carbon budget to 
individual countries & sectors (industries, businesses, 
etc.) is a key priority to address

• A recommended approach is to focus on reaching 
net-zero emission targets while staying within a given 
carbon budget

CONCLUSIONS

Climate science2policy  17-18th November 2020

• We need to reach a net-zero global emissions level to stop global warming
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THANK YOU!
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Figure 2. (a, c) Atmospheric CO2 concentration anomaly and (b, d) Zero Emissions Commitment following the cessation of emissions
during the experiment wherein 1000 PgC was emitted following the 1 % experiment (A1). ZEC is the temperature anomaly relative to the
estimated temperature at the year of cessation. The top row shows the output for ESMs, and the bottom row shows the output for EMICs.

Figure 3. (a) Change in atmospheric CO2 concentration, (b) change in temperature, and (c) ocean heat uptake following cessation of
emissions for the A1 experiment (1000 PgC following 1 %) for 1000 years following the cessation of emissions.

the stringent mitigation scenarios would be in the range of
ZEC40 to ZEC50 for the B2 experiment.

3.3 Sensitivity of ZEC to cumulative emissions

A total of 12 models conducted at least two type A (1 %)
experiments, such that ZEC could be calculated for 750,
1000, and 2000 PgC of cumulative emissions, five ESMs
(ACCESS, CanESM5, GFDL, MIROC-ES2L, and UKESM),
and all of the EMICs except CLIMBER. Two of the models
conducted only two of the type A experiments: CanESM5
conducted the A1 and A3 experiments, while LOVECLIM
conducted the A1 and A2 experiments. Figure 6 shows the

ZEC50 for each model for the three experiments. All of
the full ESMs exhibit higher ZEC50 with higher cumula-
tive emissions. The EMICs have a more mixed response
with Bern, MESM, LOVECLIM, and UVic showing in-
creased ZEC50 with higher cumulative emissions; DCESS
and IAPRAS showing slightly declining ZEC50 with higher
cumulative emissions; and P. GENIE showing a strongly de-
clining ZEC50 with higher emissions. The inter-model range
for the ZEC50 of the A2 (750 PgC) experiment is �0.31
to 0.30 �C, with a mean value of �0.03 �C, a median of
�0.06 �C, and a standard deviation of 0.15 �C. The inter-
model range of the A3 (2000 PgC) experiment �0.40 to
0.52 �C, with a mean of 0.10 �C, a median of 0.10 �C, and

https://doi.org/10.5194/bg-17-2987-2020 Biogeosciences, 17, 2987–3016, 2020
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Figure 1. (a) Example of diagnosed emission from the UVic ESCM for the type A experiments. Emissions are diagnosed from the 1pctCO2
experiment, which has prescribed atmospheric CO2 concentrations. The target cumulative emissions total is reached part way through the
final year of emissions, thus the final year has a lower average emission rate than the previous year. (b) Time series of global CO2 emissions
for bell curve pathways B1 to B3. The numbers in the legend indicate the cumulative amount of CO2 emissions for each simulation.

from the pre-industrial value and maintained indefinitely
while the climate system is allowed to come into equilibrium
with the elevated radiative forcing (e.g. Planton, 2013; Char-
ney et al., 1979). There are a variety of methods to compute
ECS from climate model outputs (e.g. Knutti et al., 2017).
Here we use ECS values computed using the method of Gre-
gory et al. (2004), called “effective climate sensitivity”. The
method of Gregory et al. (2004) computes ECS from the
slope of the scatter plot between change in global temper-
ature and planetary heat uptake, with values from the bench-
mark experiment where atmospheric CO2 concentration is
instantaneously quadrupled (4⇥CO2 experiment). TCR is
the atmospheric surface temperature change (relative to the
pre-industrial temperature) when atmospheric CO2 is dou-
bled in year 70 of the 1pctCO2 experiment, computed using
a 20-year averaging window centred on year 70 of the exper-
iment (e.g. Planton, 2013). TCRE is described in the intro-
duction and is computed from year 70 of the 1 % experiment
(e.g. Planton, 2013).

Bern and UVic submitted three versions of their models
with three different ECSs. For Bern, these were ECSs of 2.0,
3.0, and 5.0 �C, and for UVic, these were ECSs of 2.0, 3.8,
and 5.0 �C. These ECS values are true equilibrium climate
sensitivities computed by allowing each model to come fully
into equilibrium with the changed radiative forcing. For each
model the central ECS value was used for the main analy-
sis, i.e. 3.0 �C for Bern and 3.8 �C for UVic. The remaining
experiments were used to explore the relationship between
ECS and ZEC.

2.3 Quantifying ZEC

ZEC is the change in global average surface air tempera-
ture following the cessation of CO2 emissions. Thus, ZEC
must be calculated relative to the global temperature when
emissions cease. Typically such a value would be computed
from a 20-year window centred on the year when emissions

Table 2. Experiments conducted for ZECMIP by model. Full ESMs
are listed on top, followed by EMICs.

Model A1 A2 A3 B1 B2 B3

ACCESS ⇥ ⇥ ⇥ – – –
CanESM5 ⇥ – ⇥ – – –
CESM2 ⇥ – – – – –
CNRM ⇥ – – – – –
GFDL ⇥ ⇥ ⇥ ⇥ ⇥ ⇥
MIROC-ES2L ⇥ ⇥ ⇥ – – –
MPI-ESM ⇥ – – – – –
NorESM2 ⇥ – – – – ⇥
UKESM ⇥ ⇥ ⇥ – – –

Bern ⇥ ⇥ ⇥ ⇥ ⇥ ⇥
CLIMBER ⇥ – – – – –
DCESS ⇥ ⇥ ⇥ ⇥ ⇥ ⇥
IAPRAS ⇥ ⇥ ⇥ ⇥ ⇥ ⇥
LOVECLIM ⇥ ⇥ – ⇥ – –
MESM ⇥ ⇥ ⇥ ⇥ ⇥ ⇥
MIROC-lite ⇥ ⇥ ⇥ ⇥ ⇥ ⇥
P. GENIE ⇥ ⇥ ⇥ ⇥ ⇥ ⇥
UVic ⇥ ⇥ ⇥ ⇥ ⇥ ⇥

cease. However, for the ZECMIP type A experiments such a
calculation underestimates the temperature of cessation, due
to the abrupt change in forcing when emissions suddenly
cease, leading to an overestimation of ZEC values. That is,
a roughly linear increase in temperature pathway abruptly
changes to a close to stable temperature pathway. Therefore,
we define the temperature of cessation to be the global mean
surface air temperature from the benchmark 1pctCO2 exper-
iment averaged over a 20-year window centred on the year
that emissions cease in the respective ZECMIP type A exper-
iment (year the ZECMIP experiment branches from the 1 %
experiment). For the EMICs which lack internal variability

https://doi.org/10.5194/bg-17-2987-2020 Biogeosciences, 17, 2987–3016, 2020

is approximately zero
(i.e., no additional warming)

Additional temperature 
change after emissions 
are stopped

Emissions stop

and many others…

MacDougall et al. 2020 Biogeosciences
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