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The Paris Agreement adopted in December 2015 aims to limit 
‘the increase in the global average temperature to well below 
2 °C above pre-industrial levels and to pursue efforts to limit 

the temperature increase to 1.5 °C above pre-industrial levels’ 
(Article 2.1). It also sets an emissions reduction goal ‘to achieve a 
balance between anthropogenic emissions by sources and remov-
als by sinks of greenhouse gases in the second half of this century’ 
(Article 4.1). Although the temperature targets have received the 
most attention in political and scientific discussion, the net zero 
greenhouse gas emissions goal may be more operationally impor-
tant as ‘an actionable target’ for policy1. Understanding its consis-
tency with ultimate temperature goals is therefore essential.

Although substantial analysis of the 2 °C and 1.5 °C targets 
has been carried out2–9, no study has modelled the relationship 
between the Paris Agreement net zero GHG emissions and tem-
perature targets with the primary aim of assessing their consistency. 
Instead, most studies draw conclusions about this relationship 
based on an analysis of existing scenarios, mostly those compiled 
in the Intergovernmental Panel on Climate Change (IPCC) Fifth 
Assessment Report (AR5) Scenario Database, which are heteroge-
neous collections of integrated assessment model (IAM) outputs 
designed for other purposes. The current literature draws two con-
clusions: (1) net GHG emissions need to be close to or below zero 
by the end of this century to avoid warming above 2 °C (refs 4–6), and 
(2) achieving net zero GHG emissions by 2100 does not necessarily 
ensure limiting warming to the target levels5,7. These claims imply 
that net zero GHG emissions are necessary, but not sufficient, for 
achieving the Paris temperature targets. However, it is unclear under 
what conditions these statements hold and to what degree the rela-
tionship between the temperature and emissions targets depends on 
pathway features (for example, overshoot), uncertain parameters 
(for example, climate sensitivity) and key assumptions (for example, 
socioeconomic inertia). Analyses with internally consistent model-
ling approaches are required to explore the target consistency in a sys-
tematic yet flexible manner. One recent study10 addresses the target  

consistency issue by carrying out a multi-gas study that focuses 
on the consequence for CO2 emissions on centennial timescales. 
However, the consistency between net zero GHG emissions and the 
temperature targets during this century, which is arguably more rel-
evant to the Agreement itself, remains unaddressed.

We address three questions. First, do the Paris temperature tar-
gets imply that net GHG emissions need to fall to zero? The answer 
to this question may depend on allowing for overshoot of the tem-
perature target before returning to it, a possibility about which the 
Paris Agreement text is not explicit. Second—the converse—does 
achieving the net zero GHG emissions goal imply temperature out-
comes consistent with the Paris temperature targets? For example, 
it is not clear yet whether the emissions target would pave the way 
to achieving the temperature target, especially at the 1.5 °C level, 
and whether this relationship would depend on the timing of 
achieving zero net emissions within the 50-year period referred to 
in the Agreement or the metric used to calculate total GHG emis-
sions. Third, would both temperature and emissions targets applied 
jointly lead to substantially different consequences than either type 
applied alone?

To answer these questions, we calculate least-cost multi-gas emis-
sions pathways that would stabilize at 1.5 °C or 2 °C (also allowing 
for overshoot) and identify when net emissions fall to zero. We then 
reverse the roles of the targets and impose the net zero-emissions 
target alone, within the timeframe stipulated in the Agreement, and 
examine the implications for temperature change. Finally, we apply 
both types of target simultaneously and compare outcomes to the 
cases in which each is applied individually (Table 1). Because we 
focus on the long-term implications of the temperature and emis-
sions goals, we do not directly include near-term nationally deter-
mined contributions in the analysis. Our analysis assumes that the 
Agreement text requires the temperature not to exceed (or to be 
equilibrated at) a desired level, but does not call for further decline, 
although this is open to interpretation. Furthermore, although real 
emissions reductions that emerge from international negotiations 
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may not resemble least-cost scenarios, these scenarios do provide 
an easily interpretable benchmark representing efficient emissions 
pathways towards targets.

We use a reduced-form version of an IAM—Aggregated Carbon 
Cycle, Atmospheric Chemistry, and Climate model (ACC2) version 
4.2 (see Methods)—which generates emissions pathways under a 
cost-effectiveness approach using marginal abatement cost (MAC) 
functions for CO2, CH4 and N2O (ref. 11). ACC2 accounts for the 
diverse nature of GHGs (CO2, CH4, N2O, SF6, 29 species of halo-
carbons, tropospheric and stratospheric O3, and stratospheric water 
vapour), pollutants (NOx, CO and VOC) and aerosols (direct effect 
of sulfate aerosols, direct effect of black carbon and organic car-
bon, and indirect effect of all aerosols) in the Earth system, such 
as different atmospheric residence times and radiative properties12. 
Emissions pathways for CO2, CH4 and N2O, the gases representing a 
large fraction of total radiative forcing in baseline emissions scenar-
ios13, are generated endogenously as the outcome of a cost minimiza-
tion, subject to meeting a specified temperature or emissions target. 
Emissions for all other GHGs and aerosols are assumed to follow a 
fixed mitigation scenario consistent with approximate stabilization 
at 2 °C, and variations from this pathway would have only a second-
order effect on the results (Supplementary Fig. 10). Unless noted 
otherwise, results are based on a default set of assumptions, with 
sensitivity analyses provided where appropriate (Supplementary 

Figs. 2 to 11). These assumptions include a 3 °C equilibrium climate 
sensitivity and the use of global warming potential with a 100-year 
time horizon (GWP100)14 as weighting factors to calculate net GHG 
emissions as the sum of Kyoto gas emissions. In addition, we con-
strain allowable rates of change in mitigation effort based on the 
results of a more complex IAM in order to exclude highly implau-
sible mitigation pathways2. It should be emphasized that, although 
we generate pathways based on cost minimization under socioeco-
nomic constraints unless noted otherwise, our main interest is to 
clarify geophysical relationships between the emissions goal and 
the temperature targets, offering policy-related insights into the 
Paris Agreement. Our global MAC function approach is suitable for 
representing first-order socioeconomic considerations influencing 
mitigation pathways, but is a simplification of more complex miti-
gation modelling, which should be relied on for questions focused 
primarily on cost outcomes.

results and discussion
Emission implications of temperature targets. We find that 
remaining below either 1.5 °C or 2 °C does not require GHG emis-
sions to be reduced to a net zero level (Cases II and IV) (Fig. 1). 
These results are based on default model assumptions, except that 
in order to make achieving the 1.5 °C target feasible (Case II), we 
had to allow for extremely rapid mitigation by relaxing the abate-
ment rate constraints (that is, first derivative constraint changed 
from 4%/year to 8%/year and second derivative constraint removed, 
see Methods). In the least-cost emissions pathway, net GHG emis-
sions fall to approximately 10 GtCO2eq/year in about 2033 in the 
1.5 °C case and to 16 GtCO2eq/year in about 2060 in the 2 °C case, 
and then remain nearly constant after that. Sustained positive net 
emissions after these reductions are consistent with a stable global 
average temperature because they comprise a mix of gases. CO2 
emissions decline sharply to low levels and then decline slowly after 
that (becoming slightly negative by about 2050 in the 1.5 °C case), 
while emissions of CH4 and N2O are first reduced and then rise 
slowly over time (Fig. 2). Thus, slowly declining CO2 concentrations 
are mostly offset by gradually increasing CH4 and N2O concentra-
tions, producing slowly declining forcing and stable temperature.

The conclusion that remaining below the Paris temperature tar-
gets does not require net zero GHG emissions is robust to assump-
tions about climate sensitivity (Supplementary Fig. 2). However, 
remaining below these temperature targets without temporarily 
exceeding them (overshooting) is only possible under limited con-
ditions. If climate sensitivity is above 3.4 °C (the 2 °C target case) or 
2.2 °C (the 1.5 °C target case), the targets are not achievable (with 
all other model assumptions intact) because emissions cannot be 
reduced fast enough to sufficiently limit rising temperatures. Given 
the likely range for climate sensitivity of 1.5 °C to 4.5 °C in IPCC 
AR514, this rules out achieving the targets for a considerable fraction 
of the climate sensitivity range in the 2 °C case and nearly the whole 
range in the 1.5 °C case. Even if the emissions abatement constraints 
are relaxed and higher climate sensitivities are assumed, net zero 
GHG emissions are still not required to meet the targets (fifth and 
sixth cases in Supplementary Fig. 2).

Given the extremely rapid abatement implied by the 1.5 °C 
stabilization scenario, we investigate pathways that allow for tem-
porary overshoot of temperature targets (Cases I and III), requir-
ing warming to not exceed 1.5 °C or 2 °C beginning in 2100. The 
least-cost overshoot pathways show a temperature peak at 1.95 °C 
in 2058 (1.5 °C target case) and 2.30 °C in 2070 (2 °C target case) 
(Supplementary Table 1). In the 1.5 °C target case, net GHG emis-
sions fall to zero in 2070 and then stay negative for the rest of the cen-
tury. The net CO2 emissions path reaches zero in 2058 and remains 
negative at about − 17 GtCO2/year for the rest of the century. This is 
in line with the previous finding that net zero CO2 emissions occur 
earlier than net zero GHG emissions4. Once climate stabilization is 

Table 1 | Descriptions of the ten representative cases analyzed 
in this study

Cases experimental Designs

Temperature 
target

emissions 
goal

emission 
metric

emissions path

I 1.5 °C 
(overshoot)

– – –

II 1.5 °C – – Relaxed 
abatement 
constraints

III 2 °C 
(overshoot)

– – –

IV 2 °C – – –

V 2 °C Zero GHGs 
by 2060

GWP100 2030 peak

VI 2 °C Zero CO2 by 
2060

— 2030 peak

VII – Zero GHGs 
by 2060

GWP100 2030 peak

VIII – Zero GHGs 
by 2100

GWP100 2030 peak and 
linear decline

IX – Zero GHGs 
by 2100

GWP100 2030 peak

X – Zero GHGs 
by 2060

GTP100 2030 peak

Targets and constraint(s) applied to each case are summarized. Cases I and III are cost-effective 
1.5 and 2 °C stabilization pathways (respectively) including overshoot allowed before 2100.  
Case II is a 1.5 °C stabilization pathway without overshoot, a theoretical case assuming extremely 
rapid mitigation (see main text for details). Case IV is a cost-effective 2 °C stabilization pathway 
without overshoot. In Case V, the 2 °C target and net zero GHG emissions target to be met 
by 2060 are jointly applied. Case VI is the same as Case V, except that the zero-emissions 
requirement applies only to CO2. Case VII is a cost-effective pathway meeting the net zero GHG 
emissions target by 2060 without a temperature target. In Cases VIII and IX, the net zero GHG 
emissions target is achieved by 2100 through linearly increasing abatement from 2035 to 2095 
(Case VIII) or cost-effectively (Case IX). Case X is equivalent to Case VII except for the use of 
GTP100 to weight the emissions of different GHGs to derive total GHG emissions. Unless noted 
otherwise, the conventional GWP100 is used for such weighting. All cases using the emissions 
target require GHG emissions to peak by 2030. GTP100, 100-year global temperature change 
potential; GWP100, 100-year global warming potential.
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achieved in 2100, the net GHG emissions become positive again, 
with positive CH4 and N2O emissions more than offsetting slightly 
negative CO2 emissions. A similar pattern of changes occurs in the 
2 °C target case, with shorter periods of net negative CO2 and GHG 
emissions. As shown also by previous studies, net zero emissions 
leading to the 1.5 °C target occur one to two decade(s) earlier than 
those leading to the 2 °C target2–4,8. Furthermore, sensitivity analyses 
generally support that net CO2 and GHG emissions become nega-
tive in overshoot cases (Supplementary Figs. 3–5 and 10). It was 
recently shown that zero CO2 emissions (and implicitly net GHG 
emissions) are not required to meet the temperature targets based 
on scenarios involving overshoots lasting for a few centuries (that is, 
until around 2300)10. Although we do not consider such long over-
shoot in our analysis, different carbon cycle and climate dynamics 
may matter on centennial timescales, requiring further analysis.

The difference between the GHG emissions results for the over-
shoot and non-overshoot cases in our analysis can be explained, 
at least in part, by the necessity of decreasing the global average 
temperature and GHG concentration. In the overshoot case, the 
least-cost pathway shows a peak and then decline in global average  
temperature, which requires decreasing CO2 concentrations and 
therefore net negative CO2 emissions that are large enough in 

magnitude to imply net negative GHG emissions. In the non-
overshoot case, no decline in temperature is required, and there-
fore little decline in CO2 concentration is needed, meaning that 
negative CO2 emissions are not large enough to imply net negative  
(or zero) GHG emissions.

Temperature implications of emissions target. When the net 
zero GHG emissions goal is imposed alone, we find that it pro-
duces temperature pathways that are consistent with the 1.5 and 
2 °C targets only under limited conditions. Given the uncertainty 
in the required timing of achieving net zero emissions, we test two 
illustrative timings: achieving the goal early (2060) or late (2100). 
Meeting the target in 2050 is infeasible under our default assump-
tions (the earliest possible year to make the target feasible is 2056). 
Furthermore, we assume that GHG emissions peak by 2030, given 
the statement in Article 4.1: ‘…  Parties aim to reach global peaking 
of greenhouse gas emissions as soon as possible… ’ The late achieve-
ment case has two further illustrative pathways after 2030: one in 
which net GHG emissions are linearly reduced to zero in 2100  
(Case VIII) and another in which GHG emissions decline from the 
peak level only when economically motivated to do so (that is, a 
cost-effective pathway) (Case IX).
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(I) 1.5 °C (OS) (II) 1.5 °C* (III) 2 °C (OS) (IV) 2 °C (V) 2 °C, ZE (2060) (VI) 2 °C, ZE (2060, CO2)
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Fig. 1 | global emissions and warming for the ten representative cases. a–f, Global annual anthropogenic CO2 (a–c) and GHG (d–f) emissions from 2000 
to 2140. g–i, Global average warming since pre-industrial time. OS, ZE and LN: overshoot, zero emissions and linearly increasing abatement, respectively. 
See Table 1 for case descriptions. A complete reporting of the results is available in Supplementary Fig. 1. *This case deliberately relaxes constraints for 
abatement rates so that the 1.5 °C target can be achieved without overshoot (see text for details), unlike all the other cases in this figure using default 
model assumptions.
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The three emissions target cases produce temperature pathways 
that peak above 2 °C and then decline. In the 2060 emissions tar-
get case (Case VII) warming peaks at 2.1 °C in 2052 and eventually 
decreases to 1.5 °C in 2123. In the 2100 emissions target case, warm-
ing peaks at 2.5 °C in 2083 (Case VIII) or 3.1 °C in 2093 (Case IX),  
and does not decline to the target levels until the 23rd century 
(Supplementary Table 1). Considering a range of climate sensi-
tivities (Supplementary Fig. 6) and the possibility of achieving the 
emissions goal in 2050 (Supplementary Fig. 7, with relaxed mitiga-
tion constraints) shows that preventing warming from rising signif-
icantly above 1.5 °C is only possible if climate sensitivity is assumed 
to be low (2.0 °C) and if net zero GHG emissions is achieved by 

2060, and limiting warming to 2 °C only if climate sensitivity is low 
or net zero GHG emissions is achieved by 2050. Consistent with 
previous studies5,7, achieving net zero GHG emissions by 2100 can 
produce peak warming substantially above 2 °C, and warming is 
quite sensitive to the time at which net zero emissions is achieved.

Significant impact of emission metrics. Any calculation of net 
GHG emissions depends on the metric used to aggregate gases15, 
and therefore an analysis of a GHG emissions target may also be 
sensitive to this metric. We test the effect of replacing the default 
GWP100 with two alternatives assessed by the IPCC AR514: the 
20-year GWP (GWP20) and the 100-year global temperature 
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Fig. 2 | gas-specific abatement and selected earth system outcomes for the ten representative cases. a–c, Abatement levels of CO2 (a), CH4 (b) and N2O (c).  
d, Global annual abatement costs for all three endogenous gases. e–f, Global annual anthropogenic emissions of CH4 (e) and N2O (f). g–i, Atmospheric  
CO2 (g), CH4 (h) and N2O (i) concentrations. j, CO2 forcing. k, Non-CO2 forcing. l, Total radiative forcing. Global annual abatement costs are shown in 
terms of the net present value (that is, year 2010) in billions of US dollars. See Table 1 for case descriptions. *This case deliberately relaxes constraints  
for abatement rates so that the 1.5 °C target can be achieved without overshoot. As a result, no abatement costs are shown for this case (d).
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change potential (GTP100). GWP20 emphasizes shorter-term 
climate impacts than GWP100. GTP100 uses the temperature 
change 100 years after emissions occur as a basis for the metric, 
an approach argued to be more consistent with long-term climate 
goals16,17. Results show that the mix of GHGs constituting the least-
cost emissions pathway is sensitive to the metric. When GTP100 
is adopted, the negative CO2 emission level is not as deep as in the 
standard GWP100 case (Cases VII and X), because both CH4 and 
N2O emissions are valued less (but especially CH4) when converted 
to CO2. This results in a slightly higher peak temperature of 2.2 °C 
(as opposed to 2.1 °C). Because of the less negative CO2 emissions, 
the rate of temperature decline following the peak is slower, leading 
to a delay of 54 years in reducing the warming below 2 °C compared 
to the GWP100 case (Supplementary Table 1). When GWP20 is 
used as the metric instead of GWP100, the net zero GHG emissions 
target is infeasible, primarily because CH4 is valued so highly rela-
tive to CO2 that negative CO2 emissions cannot adequately offset 
the residual positive CH4 emissions. Under different timings and 
pathways to meet the emissions target (Supplementary Fig. 9), the 
abovementioned findings generally hold, supporting the fact that 
the use of GTP100 leads to a higher peak temperature and a lower 
rate of temperature decrease after the peak. Although the influence 
of the metric on temperature stabilization pathways was shown to 
be small globally18,19, we found that its impact on zero-emissions 
pathways is substantial.

Joint temperature and emissions targets. When the temperature 
and emissions targets are applied jointly, we gain insight into how 
each target affects outcomes. For example, when adding the 2060 
GHG emissions target to the 2 °C stabilization constraint (Cases IV  
and V), the peak warming is unchanged but a decline in tempera-
ture is introduced after 2 °C is reached. This result emphasizes that 
a key effect of the net zero GHG emissions goal is to produce a 
decline in temperature after it peaks. In contrast, adding a net zero 
CO2 emissions target in 2060, rather than the net zero GHG emis-
sions target, to the 2 °C stabilization goal (Cases IV and VI) does 
not substantially change the nature of the emissions or temperature 
pathways, reflecting the fact that the CO2 emissions target is more 
consistent with the 2 °C stabilization target. Similar conclusions can 
be drawn for the 1.5 °C target case with a climate sensitivity of 2 °C 
(Supplementary Fig. 11).

The insensitivity of the temperature stabilization pathways to the 
additional zero CO2 emission requirement can be inferred from the 
well-established rule of thumb: temperature stabilization eventually 
requires zero emissions of CO2 (ref. 20). Also recognized is that, in 
addition to zero CO2 emissions, temperature stabilization requires 
emissions of short-lived components to stop growing (that is, con-
stant emissions)17,21,22; however, this is not very evident in our CH4 
emissions pathways, which reflect cost minimization, not just the 
geophysical requirement.

The difference between combining the 2 °C stabilization target 
with either the net zero CO2 or net zero GHG emissions target is 
substantial, a finding worth highlighting because the distinction 
is sometimes blurred in debates on net zero emissions and carbon 
budgets. Not only does the GHG emissions target substantially 
change the temperature outcome, it also leads to a different mix of 
emissions. CO2 mitigation is much deeper, caused by the need to 
offset residual CH4 and N2O emissions, reflecting unabatable CH4 
emissions from livestock and N2O emissions from agriculture.

Need for net zero GHG emissions. Our results provide insight into 
and illuminate limitations to the previous claim that net GHG emis-
sions need to be close to or below zero to keep the warming below 
2 °C (refs 4–6). First, it is important to recognize that this claim is 
based on scenario evidence in which there are many scenarios that 
achieve the temperature target without requiring net zero GHG 

emissions. About a third of scenarios with a likely chance of achiev-
ing the target, and about a half with a medium chance, do so without 
net zero emissions4. However, this does not fully explain the differ-
ence with our results, because we find no cases in which net zero 
GHG emissions are required unless the temperature overshoots 
the target and then declines. To further understand this difference, 
we also performed an analysis using the AR5 Scenario Database, 
but separately for peak and decline (PD) versus all other scenarios 
(Supplementary Fig. 17 and Supplementary Table 2).

First, we find that all scenarios that reach net negative GHG emis-
sions follow PD temperature pathways. Second, no scenario with a 
rising temperature pathway has net negative emissions. Third, 34 
of 61 scenarios with PD temperature paths have net negative GHG 
emissions, which increases to 19 of 20 for scenarios with a decline 
of at least 0.1 °C.

Given these findings, we believe that the previous claim about 
the need for net zero GHG emissions is strongly influenced by the 
declining temperature trends in PD scenarios. In other words, the 
shape of the temperature pathways in the existing scenarios data-
base, rather than the temperature target itself, has probably led to 
an overemphasis of net zero GHG emissions to achieve the 1.5 °C 
or 2 °C target.

Conclusions
This study aims to illuminate the relationships between the Paris 
emissions goal and temperature targets, demonstrating that 
achieving the zero GHG emissions goal is not a requirement for 
meeting the 1.5 °C or 2 °C targets, assuming these targets are to 
be met without overshoot. Achieving net zero GHG emissions 
is associated with substantially negative CO2 emissions and a 
decline in global temperature, whereas achieving net zero CO2 
emissions is associated more closely with stabilized temperature. 
Thus a zero-emissions target for CO2, rather than GHGs, is more 
likely to be consistent with the Paris temperature targets, unless 
either (i) overshoot of the temperature targets were allowed, or 
(ii) the intent of the Paris Agreement is not only to keep warming 
from exceeding a given level but to then reduce it substantially 
thereafter.

A net zero CO2 emissions goal would be easier to achieve than 
the net zero GHG emissions goal, which requires substantially nega-
tive CO2 emissions, a point of recent concern23. However, achieving 
net zero CO2 emissions would still require rapid decarbonization, 
and separate limits on non-CO2 emissions may be needed as well. If 
overshoot of the temperature goal occurred, as seems likely in the 
case of the 1.5 °C target, further action to create negative CO2 emis-
sions would be necessary to lower temperatures.

methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41558-018-0097-x.
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model and 450 ppm CO2eq scenarios from other IAMs in the AR5  
Scenario Database.

A note of caution in comparing our results with others is that, while our 
analysis is based on a deterministic approach, most other recent analyses adopt 
probabilistic approaches. In the mitigation literature, two different probability 
criteria exist to determine whether a target can be achieved or not: (1) ‘likely 
chance (> 66%)’ criteria, used predominantly by default, and (2) ‘medium chance 
(50–66%)’ criteria, less common but more comparable to our threshold of 
judgement (used, for example, in ref. 4 for the 1.5 °C target). Previous studies also 
report results with the medium chance criteria, but often not equally highlighted. 
This indicates that our model may show less stringent results than other IAMs 
using the likely chance criteria.

Finally, net zero emissions calculated in our analysis are only with respect to 
anthropogenic fluxes, in contrast to a different interpretation including natural 
fluxes31. It is not explicit in the English text whether ‘removals’ in Article 4.1 of the 
Paris Agreement concern only anthropogenic fluxes without accounting for natural 
sinks; however, it can be interpreted so from the original French text.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon request.
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methods
The ACC2 model (version 4.2) is a globally aggregated IAM comprising the 
following four components: carbon cycle, atmospheric chemistry, climate and 
economy11,12. ACC2 was developed from earlier simple climate models24,25. The 
main difference from the previous version 4.011 is revision of the CO2 MAC 
function to account for negative CO2 emissions through technologies such as 
bioenergy combined with carbon capture and storage (bioCCS)2. The carbon 
cycle component is a four-box model for the ocean–atmosphere coupled system, 
linked to another four-box model for the terrestrial biosphere. The saturation 
of ocean CO2 uptake under rising atmospheric CO2 concentration is described 
by thermodynamic equilibrium associated with carbonate species in the ocean. 
No climate–carbon cycle feedbacks are assumed; in other words, we treat the 
carbon cycle as insensitive to the change in climate. The atmospheric chemistry 
component consists of parameterizations obtained from sensitivity runs of more 
detailed chemistry transport models. The radiative forcings of CO2, CH4 and 
N2O are calculated based on parameterizations. The climate component is an 
energy balance model coupled with a diffusion model. The climate sensitivity 
in the default set-up is assumed to be 3 °C, a conventional best estimate within 
the latest IPCC likely range of 1.5–4.5 °C (ref. 14). Other uncertain parameters, 
including those determining aerosol forcing, are adjusted based on a Bayesian 
approach using historical data26,27. Note that we obtain best estimates of 
parameters without probabilistic interpretations. Responses of the  
carbon cycle and climate components are within the respective ranges from 
multi-model comparisons28.

The economy component contains the MAC functions for CO2, CH4 
and N2O (refs 2,29). The abatement level for each gas is defined relative to the 
respective baseline level, here taken to be the A2r scenario13, a representative 
baseline. Note that the CO2 MAC function applies to the emissions of fossil fuel 
origin. We treat the abatement of each gas independently without accounting 
for co-reductions from common sources30. Abatements are allowed to start in 
year 2020. The maximum abatement levels for CO2, CH4 and N2O are assumed 
to be 112, 70 and 50% from the baseline, respectively2,29. Socioeconomic inertia 
is modelled through constraints imposed on the first and second derivatives of 
abatement levels for endogenous gases (CO2, CH4 and N2O) (4%/year and 0.4%/
year2, respectively)2. The second derivative constraint means that it takes 10 
years for the annual growth of abatement to increase by four percentage points. 
The first and second derivatives of abatement levels in our model runs generally 
span larger ranges than those of the 450 ppm CO2eq scenarios in the AR5 
Scenario Database (Supplementary Figs. 12 to 14). Emissions pathways of other 
components (including land-use CO2 emissions) follow GGI A2r 480 ppm CO2eq 
(ref. 13) until 2100 and remain at the respective 2100 levels thereafter. The default 
discount rate is 4%. Supplementary Figs. 12 to 16 show comparisons between 
CO2, CH4, N2O and GHG emissions and temperature projections from our 
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