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Abstract
Many nationally determined contributions (NDCs) under the Paris Agreement follow the established
practice of specifying emissions levels in tonnes of CO2 equivalent emissions. TheGlobalWarming
Potential (GWP) is the emissionsmetric usedmost often to aggregate contributions fromdifferent
greenhouse gases (GHGs). However, the climate impact of pathways expressed in this way is known to
be ambiguous. For this reason, alternatives have been proposed but the ambiguity has not been
quantified in the context of the Paris Agreement. Here we assess the variation in temperature using
pathways consistent with the ambition of limiting temperature increases towell below 2 °C. These are
taken from the IPCCSpecial Report onGlobalWarming of 1.5 °C (SR15). TheCO2 emission levels are
adjusted so that the pathways all have the same total CO2 equivalent emissions for a given emissions
metric but have different proportions of short-lived and long-lived pollutants.We show that this
difference affects projections by up to 0.17 °CwhenGWP100 is used. Options of reducing this
ambiguity include using a different emissionsmetric or adding supplementary information inNDCs
about the emissions levels of individual GHGs.We suggest the latter on the grounds of simplicity and
because it does not require agreement on the use of a different emissionsmetric.

1. Introduction

Country-level contributions to the Paris Agreement
are in the form of nationally determined contributions
(NDCs) that typically contain quantified emission
reduction commitments. An emissions metric is used
to calculate total levels of combinedGHG emissions in
units of tonnes of carbon dioxide equivalent
(GtCO2-eq) emissions, rather than specifying reduc-
tion targets for individual GHGs. Various metrics (for
example GWP and the global temperature change
potential (GTP) (Shine et al 2005)) have been devised
to measure this ‘equivalence’ in order to either
quantify the total impact of an emissions pathway
comprising different greenhouse gases or to compare
the impact of different gases on climate (Myhre et al
2013a). Emissions of different greenhouse gases have
different atmospheric lifetimes and climate impacts.
All metrics necessarily consider only a limited set of

impacts for specific time periods, as this is the only way
that different greenhouse gases can be quantitatively
compared (Plattner et al 2009, Tol et al 2012).

Metrics based on physical impacts are most com-
monly used in climate policy and an important exam-
ple is found in the Kyoto Protocol. Participants’
obligations to limit aggregate emissions of six key
pollutants are quantified using a specified metric,
Global Warming Potential measured over 100 years
(GWP100). Alongside its long history of use in succes-
sive IPCC assessments, its central role in the Kyoto
Protocol has contributed to GWP100 becoming a de
facto standard in the policy arena (Plattner et al 2009).
However, there is extensive literature covering the lim-
itations of metrics (Fuglestvedt et al 2003, Forster et al
2007, Shine et al 2007, Jenkins et al 2018) and GWP in
particular (Shine et al 2005, Ocko et al 2017, Allen et al
2018). Thismotivates the question as towhether the use
ofmetrics, especially GWP100, serves the purpose of the
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Paris Agreement well enough. For example, using
GWP100 to calculate cumulative CO2-equivalent emis-
sions does not lead to an accurate estimate of peak
warming (Allen et al 2018, Fuglestvedt et al 2018). This
is a problem given a specific goal of the Paris Agreement
is to limit the temperature increase caused by anthro-
pogenic emissions.

The Paris Agreement differs from the Kyoto Pro-
tocol in several important respects. In place of binding
(though not always achieved) emission reductions
there is a global target for limiting warming to be
achieved through voluntary NDCsmade by individual
countries. It anticipates that the initial NDCs, which
imply greater reductions in emissions than thoseman-
dated in the Kyoto protocol, will not be sufficient to
limit warming to 2 °C (Rogelj et al 2016, Vrontisi et al
2018). Therefore, a five yearly cycle of global stock-
takes and provision of enhanced NDCs is included to
create a ratchet mechanism through which national
efforts are increased. Despite this fundamental differ-
ence in approach, the Paris Agreement requires coun-
tries to take account of established practices. This is
reflected in many NDCs by the presentation of reduc-
tions in terms of combined emissions, the use of
GWP100 and the list of GHGs covered.

NDCs vary in form and content leading to uncer-
tainty in estimates of their aggregated impact. NDCs
can be categorised by absolute targets, emission inten-
sity targets, reductions from business as usual and pol-
icy measures (Conte Grand 2016, UNFCC 2016).
Some also include targets for adaptation. Coverage of
pollutants is incomplete, with varying levels of clarity
as to what is included. Few specifically mention aero-
sols. Where a metric is specified it is usually GWP100
from a single, but not necessarily the latest, IPCC
assessment report. Table 1 summarises the key fea-
tures of the NDCs submitted by the six largest emitters
of GHGs excluding land-use change emissions.

Under theNDCs, global emissions in 2030 are esti-
mated to be between 52.0 and 59.3 Gt CO2-eq
(UNFCC 2016) compared to 53.5 Gt CO2-eq in 2017
(UNEP 2018). Assuming the conditional elements (for
example, reductions dependent on the provision of
financial aid) are implemented and that the annual

rate of decarbonisation after 2030 equals that during
2020–2030, the global mean temperature in 2100 is
expected to be 2.6 °C (2.4 °C–3.1 °C) above pre-
industrial levels (Vrontisi et al 2018). Furthermore,
until emissions of long-lived GHGs are reduced to
zero, temperatures will continue to rise (Cain et al
2019). The uncertainty in the estimate of the level of
2030 emissions arises from a number of sources other
than the use of emissions metrics (Rogelj et al 2017).
The main factor is socio-economic assumptions parti-
cularly where NDCs are formulated in terms of emis-
sion intensity improvements. Other factors include
variation in historical emission baselines, inclusion of
ranges, alternative energy accounting rules and differ-
ent attribution of non-commercial biomass.

Therefore, if NDCs contain a commitment to an
absolute level of abatement, it is expressed as a total for
all GHGs combined using an emissions metric.
GWP100, themetric often used in the policy arena, fails
to take full account of the differences in impacts at dif-
ferent points in time between pollutants, leading to
uncertainty in calculations of the aggregated impact.
However, it is not the only source of ambiguity. Ques-
tions therefore include whether the uncertainty intro-
duced by the use of GWP100 is significant in the
context of achieving the target of the Paris Agreement
and, if it is, how it could be addressed.

2.Methods

A pragmatic approach is used to quantify this uncer-
tainty. The starting point is a set of emission pathways
compatible with the temperature target of the Paris
Agreement. These have different mixes of short-lived
and long-lived pollutants. The levels of CO2 emissions
are adjusted to make the total emissions calculated
using an emissions metric the same for all pathways
and the global temperature changes arising from each
pathway are calculated. The variation in temperatures
arising from the adjusted pathways is used as an
estimate of the uncertainty arising solely due to the use
ofmetrics.

Table 1.Key features ofNDCs of the six largest emitters of greenhouse gases (excluding land-use change emissions).

Country Type ofNDC Scope Metrica

China Intensity target Carbon dioxide None

USA Absolute target Kyoto gasesb GWP100
EU28 Absolute target Kyoto gases GWP100
India Intensity target Not specified Not specified

Russian Federation Absolute target Kyoto gases GWP100
Japan Absolute target Kyoto gasesc GWP100

a In all cases whereGWP100 is specified, reference ismade to the IPCCFourthAssessment Report (AR4).
b The gases included here under the heading of ‘Kyoto gases’ are carbon dioxide,methane, nitrous oxide, HFCs, PFCs, sulphur hexafluoride,

and nitrogen trifluoride.
c The NDC for Japan also includes supplementary information with individual targets for reductions of carbon dioxide, methane, nitrous

oxide and for fluorinated gases as a group comprisingHFCs, PFCs, sulphur hexafluoride andnitrogen trifluoride.
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To create the test pathways, 222 scenarios from
Integrated Assessment Models described in SR15
(Rogelj et al 2018, Huppmann et al 2018a, 2018b) have
been used. We use the same definitions to classify sce-
narios by temperature pathways as table 2.1 of SR15:
Below 1.5 °C, 1.5 °C low overshoot (OS), 1.5 °C high
OS, Lower 2 °C and Higher 2 °C. Scenarios are classi-
fied by the probabilities of staying within 1.5 °C or
2 °C above pre-industrial in the MAGICC climate
model (Meinshausen et al 2011), and in the cases of the
1.5 °C-consistent pathways, whether and by how
much they exceed 1.5 °C before returning below this
threshold. Scenarios which are more likely than not
(>50% probability) to exceed 2 °C before 2100
(‘Above 2 °C’ in SR15 terminology) are not analysed.
For each of the five scenario classes, the mean level of
CO2-eq emissions has been calculated using the fol-
lowing GWP and GTP metrics: GWP20, GWP100,
GTP20, GTP50 and GTP100 using the indices in the
IPCC’s Fifth Assessment Report AR5 (Myhre et al
2013a). Only the Kyoto gases are included in the calc-
ulation of combined emissions, reflecting the typical
scope of current NDCs. The levels of CFC, aerosol and
fossil fuel and industry CO2 emissions aremodified for
each pathway and levels of all other GHG emissions
are unchanged. Levels of CFC emissions follow those
from representative concentration pathway 2.6 values
and levels of aerosol emissions are set to themean of all
scenarios in that class. Fossil fuel and industry CO2

emissions are adjusted for each scenario to make the
level of CO2-eq emissions equal to the classmean. This
numerical adjustment imposes an identical CO2-eq
emissions trajectory for each scenario in each class
under a givenmetric. It is recognised that some aerosol
emissions have the same source as CO2 (Rogelj et al
2014) and it could be argued that the adjustments to
CO2 levels should be accompanied by a corresponding
change to aerosol levels. This has been estimated using
the tool developed by Rogelj et al (2014) and is found
to be too small to have amaterial impact on the projec-
tions of global temperatures.

The temperatures arising from the 222 modified
pathways have been calculated using the FaIR climate
model (version 1.3.4) (Millar et al 2017, Smith et al
2018). FaIR temperature projections are somewhat
lower than these class names imply due to updated
assumptions pertaining to radiative forcing, historical
temperature constraint and prior distributions for cli-
mate sensitivity, and structural differences between
the models (Forster et al 2018). However, we maintain
the MAGICC-based scenario classifications here for
consistency with SR1.5. Using FaIR projections rather
than MAGICC would increase the probability of
remaining under 1.5 °C or 2 °C. FaIR uses a four-box
representation of the airborne fraction of CO2 where
the time constant of each box is scaled in order to
replicate the decline in efficiency in carbon uptake by
the land and ocean with both increasing temperature
and increasing cumulative carbon emissions.

Emissions of 30 non-CO2 gases are described with a
one-box decay model in which the radiative effi-
ciencies and atmospheric lifetimes of each gas are as
reported in (AR5). The sole exception is for methane,
in which an atmospheric burden lifetime of 9.3 years
is used (Smith et al 2018). Further detail on the
treatment of methane in FaIR is contained in the
supplementary information which is available online
at stacks.iop.org/ERL/14/124002/mmedia. Aerosol
and tropospheric ozone forcing is calculated from
emissions of short lived climate pollutants, which
includes a negative temperature feedback on ozone
forcing (Stevenson et al 2013), direct aerosol effects
informed by Aerocom multi-model studies (Myhre
et al, 2013b) and cloud-albedo effects based on the
simplified global models of Ghan et al (2013) and
Stevens (2015).

Temperature results are presented for the period
2000–2100. The projected temperature increase for
each pathway is calculated as the median of the
retained members of a 1000-member perturbed-para-
meter ensemble. The perturbed parameters represent
plausible geophysical responses. Radiative forcing
from well-mixed GHGs, ozone, aerosols and land-use
change are perturbed based on their AR5 uncertainty
ranges. Equilibrium climate sensitivity, transient cli-
mate response, carbon cycle and global mean temper-
ature response ranges are based on evidence from
Coupled Model Intercomparison Phase 5 (CMIP5)
climate models (Forster et al 2013, Geoffroy et al 2013,
Millar et al 2017) and the efficiency of land and ocean
carbon uptake with respect to increasing temperature
and cumulative carbon emissions is taken from
CMIP5 and other carbon cycle models (Friedlingstein
et al 2006). Ensemble members are retained if the
resulting temperatures from 1880 to 2016 fall within
the range of uncertainty from the historical in-filled
Cowtan andWay (2014) dataset of 0.95 °C±0.17 °C,
using the regression-based method of Thompson et al
(2015) that factors in natural variability and uncer-
tainty in observations. For the purposes of comparing
ensemble members to the historical period, solar and
volcanic forcing have been included, but excluded for
future projections, consistent with the treatment in
SR1.5 (Rogelj et al 2018). Temperatures are reported
using a pre-industrial baseline of 1850–1900.

3. Results

Figure 1 illustrates this approach, using GWP100 as the
metric. Panels (a) and (b) show the levels of CO2 and
CH4 emissions, these being the most significant long-
lived and short-lived pollutants. Panel (c) shows the
adjustment made to CO2 emissions to make levels of
total CO2-eq emissions equal to the class mean and (d)
the temperature anomalies arising from the test path-
ways in FaIR. The shaded areas are of particular
interest as they show the range of temperatures arising
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Figure 1. (a)CO2 fossil and industrial emissions pathways in the 1.5 °Cand 2 °C consistent SR15 scenarios. (b)CH4 pathways in the
same scenarios. (c)Adjustment toCO2 emissions in each pathway to ensure that each pathway has identical CO2-eq emissions to the
classmean asmeasured byGWP100. (d)Temperature anomaly since 1850–1900 for the adjusted pathways (ensemblemedians in
FaIR). (a)–(c): thin lines are individual scenarios and thick lines represent themedian of all scenarios in each class. (d): classmedian
(lines) and 5th to 95th percentile range across scenarios (shaded regions) for scenarios with identical GWP100 emissions. Classes are as
defined in SR15: Below-1.5 °C, 1.5 °C returnwith low overshoot, 1.5 °C returnwith high overshoot, Lower 2 °CandHigher 2 °C,
respectively.

Figure 2.Variation in global temperature for each class of scenario in 2030, 2050 and 2100 for scenarios withCO2 emissions varied to
match the classmean asmeasured underGWP100. Variation of ensemblemedian for each scenario expressed relative to themedian
temperature projections of each class. The number of scenarios in each class is shownunder the 2030 results.
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from the scenarios in each class and are analysed
further infigure 2.

Figure 2 shows the variation in temperature for
each class in 2030, 2050 and 2100 as whisker plots rela-
tive to the class median, again using GWP100 to calcu-
late levels of combined emissions. The maximum
variation in temperature between the 5th and 95th
percentile of scenarios in each class is used as an indi-
cation of by how much temperatures could realisti-
cally vary for a pathway expressed as combined
emissions and consistent with the Paris Agreement
target.WithGWP100 it does not exceed 0.17 °C for any
class. For each class the time of the maximum varia-
tion does not necessarily coincide with that of peak
warming.

Figure 3 shows the variation in temperature in the
year 2100 for each class using a range of metrics to cal-
culate the total emissions. GWP100 and GTP20 lead to
the lowest variation.

4.Discussion

The reason for the variation in temperature projec-
tions between different scenarios in the same class is
principally due to differing proportions of CO2 and
CH4 and the limitations of the metrics used. These are
designed to equate the impacts of different GHGs over
a specified time period and cannot be accurate over
other periods. The range of CH4 emission levels has a
direct bearing on the temperature variation. For a
given temperature target, the range is constrained as
shown in figure 1(b) by socio-economic factors
incorporated in the integrated assessmentmodels used
to calculate the emission scenarios. This, in turn,
constrains the range of temperatures resulting from
the scenarios.

Themaximum variation of 0.17 °C under GWP100
is materially less than the amount by which the well
below 2 °C target will be exceeded based on full imple-
mentation of the current NDCs (0.4 °C–1.1 °C). It is
also significantly less than the range of class median

temperatures at 2100. It is, however, significant in the
context of SR15 which describes the differences in
impacts between warming of 1.5 °C and 2 °C. Also, as
future NDCs are enhanced and other causes of uncer-
tainty are reduced, temperature differences of the
order of 0.1 °C may become material in the future,
particularly as the cost of abatement increases under
severemitigation.

Emerging metrics, for example GWP* (Allen et al
2018), have potential to reduce uncertainty in temper-
ature projections. An alternative solution is to recog-
nise the fundamental difference between the Kyoto
Protocol where reductions in total emissions were spe-
cified for each participant and the Paris Agreement
with its emphasis on NDCs. In the former case, the
mandating of combined emissions levels, rather than
levels of all included GHGs individually, gave partici-
pants flexibility to design the most cost-effective
approach. Under the Paris Agreement, emission
reductions are not mandated and countries already
have the freedom to determine their abatement strate-
gies and targets for individual GHGs. Using a com-
bined total to report GHG emission levels in NDCs
leads to uncertainty. The problem could be removed
by parties including information about reductions of
individual GHGemissions inNDCs.

Changes to improve the quality of NDCs could be
introduced over a period of time as the ambition of
NDCs increases. An initial step could be for informa-
tion on levels of carbon dioxide and methane to be
included as non-binding supplementary information
by more significant emitters of both gases, following
the example of Japan.With 45%ofmethane emissions
originating from5 countries (World Bank 2018) a sub-
stantial reduction in this ambiguity is possible.

It should be noted that more sophisticated emis-
sion metrics which better reflect the temperature
implications of a given emissions pathway could play a
significant role in other areas where it is important to
make a meaningful comparison of the impacts of
reductions of different GHGs. Also, the magnitude of
the uncertainty introduced by the use of metrics will

Figure 3.Variation in global temperature for each class of scenario in 2100 for scenarios with CO2 emissions varied tomatch the class
mean asmeasured underGWP20, GWP100, GTP20, GTP50 andGTP100. Variation of ensemblemedian for each scenario expressed
relative to themedian temperature projections of each class .
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change and should be kept under review as the content
of NDCs improves (for example to include aerosol
emissions) and better information about emission
levels is provided by global stocktakes.

5. Conclusion

We have used the scenarios contained in SR15 to
represent the range of emission pathways compatible
with the Paris Agreement and estimated the uncer-
tainty in projections of global temperatures arising
from the use of emissions metrics. With the de facto
standard metric, GWP100, the maximum difference is
0.17 °C, less than the amount by which the well below
2 °C target will be exceeded with the current NDCs.
Addressing this ‘metric uncertainty’ is less urgent than
fully meeting current NDCs and increasing the ambi-
tion of future NDCs, making their emissions reduc-
tions more explicit. A proportionate approach could
be to include non-binding supplementary informa-
tion in future NDCs. This would not limit the freedom
of individual countries to determine their commit-
ments or the means by which they are achieved, and
would increase transparency. In this way the quality of
NDCs can be improved incrementally without need to
reach agreement on the use of a differentmetric.

Acknowledgments

PF and CS acknowledge support from the European
Union’s Horizon 2020 Research and Innovation
Programme under grant agreement number 820829
(CONSTRAIN), and from the UK Natural Environ-
ment Research Council (NERC) under project NE/
N006038/1 (SMURPHS). We thank two reviewers for
helpful comments on the manuscript that have
improved the paper.

Data availability statement

TheSR15 scenariosused in this study areopenly available
at DOI: 10.5281/zenodo.3363345 (Huppmann et al
2018b). The FaIR source code (v1.3.4) is available from
DOI: 10.5281/zenodo.1403266 and the data used to
support the findings of this study is available at DOI:
10.5281/zenodo.3490452.

Author contributions

SD and PMF conceived the study. CJS performed
model simulations. All authors contributed to analy-
sis, interpretation andwriting of the paper.

Additional information

Correspondence and requests for materials should be
addressed to SD.

Competingfinancial interests

The authors declare no competing financial interest.

ORCID iDs

SteveDenison https://orcid.org/0000-0002-
3201-1375

References

AllenMR, ShineKP, Fuglestvedt J S,MillarR J,CainM, FrameD J and
MaceyAH2018A solution to themisrepresentations of
CO2-equivalent emissionsof short-lived climate pollutants
under ambitiousmitigationNpjClim.Atmos. Sci.116

CainM, Lynch J, AllenMR, Fuglestvedt J S, FrameD J and
MaceyAH2019 Improved calculation of warming-
equivalent emissions for short-lived climate pollutantsNpj
Clim. Atmos. Sci. 2 1–7

ConteGrandM2016Transparency framework and strategic choice
ofNDCmetricsThe Paris Agreement andBeyond: International
ClimateChangePolicy Post-2020 edRNStavins andRCStowe
(Cambridge,USA:HarvardUniversity)pp37–41

CowtanK andWayRG2014Coverage bias in theHadCRUT4
temperature series and its impact on recent temperature
trendsQ. J. R.Meteorol. Soc. 140 1935–44

Forster PM et al 2007Changes in atmospheric constituents and in
radiative forcing Climate Change 2007: the Physical Science
Basis Contribution ofWorkingGroup I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate
Change ed S Solomon et al (Cambridge: Cambridge
University Press) pp 129–234

Forster PM,Andrews T,GoodP,Gregory JM, Jackson L S and
ZelinkaM2013 Evaluating adjusted forcing andmodel
spread for historical and future scenarios in theCMIP5
generation of climatemodels J. Geophys. Res. 118 1139–50

Forster PM et al 2018Mitigation pathways compatible with 1.5°C in
the context of sustainable development—supplementary
material GlobalWarming of 1.5°C.An IPCC Special Report on
the Impacts of GlobalWarming of 1.5°CAbove Pre-Industrial
Levels and RelatedGlobal GreenhouseGas Emission Pathways,
in the Context of Strengthening theGlobal Response to the
Threat of Climate Change, Sustainable Development, and
Efforts to Eradicate Poverty edVMasson-Delmotte et al
(Cambridge: CambridgeUniversity Press) (accepted)

Friedlingstein P et al 2006Climate–carbon cycle feedback analysis:
results from theC4MIPmodel intercomparison J. Clim. 19
3337–53

Fuglestvedt J, Rogelj J,Millar R J, AllenM, BoucherO, CainM,
Forster PM,Kriegler E and Shindell D 2018 Implications of
possible interpretations of ‘greenhouse gas balance’in the
Paris Agreement Phil. Trans. R. Soc.A 376 20160445

Fuglestvedt J S, BerntsenTK,GodalO, Sausen R, Shine KP and
Skodvin T 2003Metrics of climate change: assessing radiative
forcing and emission indicesClim. Change 58 267–331

GeoffroyO, Saint-MartinD,Olivié D J, Voldoire A, BellonG and
Tytéca S 2013Transient climate response in a two-layer
energy-balancemodel: I. Analytical solution and parameter
calibration usingCMIP5AOGCMexperiments J. Climate 26
1841–57

Ghan S J, Smith S J,WangM, ZhangK, Pringle K, CarslawK,
Pierce J, Bauer S andAdams P 2013A simplemodel of global
aerosol indirect effects J. Geophys. Res. Atmos. 118 6688–707

6

Environ. Res. Lett. 14 (2019) 124002

https://doi.org/10.5281/zenodo.3363345
https://doi.org/10.5281/zenodo.1403266
https://doi.org/10.5281/zenodo.3490452
https://orcid.org/0000-0002-3201-1375
https://orcid.org/0000-0002-3201-1375
https://orcid.org/0000-0002-3201-1375
https://orcid.org/0000-0002-3201-1375
https://orcid.org/0000-0002-3201-1375
https://doi.org/10.1038/s41612-018-0026-8
https://doi.org/10.1038/s41612-019-0086-4
https://doi.org/10.1038/s41612-019-0086-4
https://doi.org/10.1038/s41612-019-0086-4
https://doi.org/10.1002/qj.2297
https://doi.org/10.1002/qj.2297
https://doi.org/10.1002/qj.2297
https://doi.org/10.1002/jgrd.50174
https://doi.org/10.1002/jgrd.50174
https://doi.org/10.1002/jgrd.50174
https://doi.org/10.1175/JCLI3800.1
https://doi.org/10.1175/JCLI3800.1
https://doi.org/10.1175/JCLI3800.1
https://doi.org/10.1175/JCLI3800.1
https://doi.org/10.1098/rsta.2016.0445
https://doi.org/10.1023/A:1023905326842
https://doi.org/10.1023/A:1023905326842
https://doi.org/10.1023/A:1023905326842
https://doi.org/10.1175/JCLI-D-12-00195.1
https://doi.org/10.1175/JCLI-D-12-00195.1
https://doi.org/10.1175/JCLI-D-12-00195.1
https://doi.org/10.1175/JCLI-D-12-00195.1
https://doi.org/10.1002/jgrd.50567
https://doi.org/10.1002/jgrd.50567
https://doi.org/10.1002/jgrd.50567


HuppmannD et al 2018b IAMC1.5°CScenario Explorer andData
hosted by IIASA version 1.1.Integrated AssessmentModeling
Consortium& International Institute for Applied Systems
Analysis (doi: 10.5281/zenodo.3363345)

HuppmannD, Rogelj J, Kriegler E, Krey V andRiahi K 2018aAnew
scenario resource for integrated 1.5 °C researchNat. Clim.
Change 8 1027–30

Jenkins S,Millar R J, LeachN andAllenMR2018 Framing climate
goals in terms of cumulative CO2‐forcing‐equivalent
emissionsGeophys. Res. Lett. 45 2795–804

MeinshausenM,Raper S CB andWigley TML2011 Emulating
coupled atmosphere-ocean and carbon cyclemodels with a
simplermodel,MAGICC6: I.Model description and
calibrationAtmos. Chem. Phys. 11 1417–56

Millar R J,Nicholls ZR, Friedlingstein P andAllenMR2017A
modified impulse-response representation of the global near-
surface air temperature and atmospheric concentration
response to carbon dioxide emissionsAtmos. Chem. Phys. 17
7213–28

MyhreG et al 2013aAnthropogenic andnatural radiative forcing
Climate Change 2013: the Physical Science Basis Contribution
ofWorkingGroup I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change edT F Stocker
et al (Cambridge: CambridgeUniversity Press) pp 659–740

MyhreG et al 2013bRadiative forcing of the direct aerosol effect
fromAeroComPhase II simulationsAtmos. Chem. Phys. 13
1853–77

Ocko I B,Hamburg S P, JacobD J, KeithDW,KeohaneNO,
OppenheimerM,Roy-Mayhew JD, SchragDP and
Pacala SW2017Unmask temporal trade-offs in climate
policy debates Science 356 492–3

PlattnerG-K, Stocker T,Midgley P andTignorM2009 IPCCExpert
Meeting on the Science of AlternativeMetrics:Meeting Report
IPCCWorkingGroup I, Technical Support Unit, Bern

Rogelj J, Den ElzenM,HöhneN, Fransen T, FeketeH,WinklerH,
Schaeffer R, Sha F, Riahi K andMeinshausenM2016 Paris
Agreement climate proposals need a boost to keepwarming
well below 2CNature 534 631–9

Rogelj J, FrickoO,MeinshausenM,KreyV, Zilliacus J andRiahi K
2017Understanding the origin of Paris Agreement emission
uncertaintiesNat. Commun. 8 15748

Rogelj J, Rao S,McCollumDL, Pachauri S, Klimont Z, KreyV and
Riahi K 2014Air-pollution emission ranges consistent with
the representative concentration pathwaysNat. Clim. Change
4 446–50

Rogelj J et al 2018Mitigation pathways compatible with 1.5°C in the
context of sustainable developmentGlobalWarming of 1.5°C.
An IPCC Special Report on the Impacts of GlobalWarming of
1.5°CAbove Pre-Industrial Levels and RelatedGlobal
Greenhouse Gas Emission Pathways, in the Context of
Strengthening theGlobal Response to the Threat of Climate
Change, Sustainable Development, and Efforts to Eradicate
Poverty edVMasson-Delmotte et al (Cambridge: Cambridge
University Press)

ShineKP, BerntsenTK, Fuglestvedt J S, Skeie RB and StuberN
2007Comparing the climate effect of emissions of short-and
long-lived climate agentsPhil. Trans. R. Soc. 365 1903–14

ShineKP, Fuglestvedt J S,HailemariamK and StuberN2005
Alternatives to the global warming potential for comparing
climate impacts of emissions of greenhouse gasesClim.
Change 68 281–302

SmithC J, Forster PM,AllenM, LeachN,Millar R J,
PasserelloGA andRegayre LA 2018 FAIR v1. 3: a simple
emissions-based impulse response and carbon cyclemodel
Geosci.Mod. Dev. 11 2273–97

Stevens B 2015Rethinking the lower bound on aerosol radiative
forcing J. Clim. 28 4794–819

StevensonDS et al 2013Tropospheric ozone changes, radiative
forcing and attribution to emissions in the atmospheric
chemistry and climatemodel intercomparison project
(ACCMIP)Atmos. Chem. Phys. 13 3063–85

ThompsonDW,Barnes EA,Deser C, FoustWE and Phillips A S
2015Quantifying the role of internal climate variability in
future climate trends J. Clim. 28 6443–56

TolR S,BerntsenTK,O’Neill BC, Fuglestvedt J S and ShineKP2012
Aunifying framework formetrics for aggregating the climate
effect of different emissionsEnviron. Res. Lett.7 044006

UNEP2018The Emissions GapReport 2018Nairobi: UnitedNations
Environment Programme

UNFCCC2016Updated Synthesis ReportOnTheAggregate Effect
Of INDCs –Published 2May 2016 : (https://unfccc.int/
process/the-paris-agreement/nationally-determined-
contributions/synthesis-report-on-the-aggregate-effect-of-
intended-nationally-determined-contributions)

Vrontisi Z et al 2018 Enhancing global climate policy ambition
towards a 1.5 °C stabilization: a short-termmulti-model
assessment Environ. Res. Lett. 13 044039

World Bank 2018Methane Emissions (kt of CO2Equivalent)
(https://data.worldbank.org/indicator/EN.ATM.METH.
KT.CE)

7

Environ. Res. Lett. 14 (2019) 124002

http://doi.org/10.5281/zenodo.3363345
https://doi.org/10.1038/s41558-018-0317-4
https://doi.org/10.1038/s41558-018-0317-4
https://doi.org/10.1038/s41558-018-0317-4
https://doi.org/10.1002/2017GL076173
https://doi.org/10.1002/2017GL076173
https://doi.org/10.1002/2017GL076173
https://doi.org/10.5194/acp-11-1417-2011
https://doi.org/10.5194/acp-11-1417-2011
https://doi.org/10.5194/acp-11-1417-2011
https://doi.org/10.5194/acp-17-7213-2017
https://doi.org/10.5194/acp-17-7213-2017
https://doi.org/10.5194/acp-17-7213-2017
https://doi.org/10.5194/acp-17-7213-2017
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.1126/science.aaj2350
https://doi.org/10.1126/science.aaj2350
https://doi.org/10.1126/science.aaj2350
https://doi.org/10.1038/nature18307
https://doi.org/10.1038/nature18307
https://doi.org/10.1038/nature18307
https://doi.org/10.1038/ncomms15748
https://doi.org/10.1038/nclimate2178
https://doi.org/10.1038/nclimate2178
https://doi.org/10.1038/nclimate2178
https://doi.org/10.1098/rsta.2007.2050
https://doi.org/10.1098/rsta.2007.2050
https://doi.org/10.1098/rsta.2007.2050
https://doi.org/10.1007/s10584-005-1146-9
https://doi.org/10.1007/s10584-005-1146-9
https://doi.org/10.1007/s10584-005-1146-9
https://doi.org/10.5194/gmd-11-2273-2018
https://doi.org/10.5194/gmd-11-2273-2018
https://doi.org/10.5194/gmd-11-2273-2018
https://doi.org/10.1175/JCLI-D-14-00656.1
https://doi.org/10.1175/JCLI-D-14-00656.1
https://doi.org/10.1175/JCLI-D-14-00656.1
https://doi.org/10.5194/acp-13-3063-2013
https://doi.org/10.5194/acp-13-3063-2013
https://doi.org/10.5194/acp-13-3063-2013
https://doi.org/10.1175/JCLI-D-14-00830.1
https://doi.org/10.1175/JCLI-D-14-00830.1
https://doi.org/10.1175/JCLI-D-14-00830.1
https://doi.org/10.1088/1748-9326/7/4/044006
https://unfccc.int/process/the-paris-agreement/nationally-determined-contributions/synthesis-report-on-the-aggregate-effect-of-intended-nationally-determined-contributions
https://unfccc.int/process/the-paris-agreement/nationally-determined-contributions/synthesis-report-on-the-aggregate-effect-of-intended-nationally-determined-contributions
https://unfccc.int/process/the-paris-agreement/nationally-determined-contributions/synthesis-report-on-the-aggregate-effect-of-intended-nationally-determined-contributions
https://unfccc.int/process/the-paris-agreement/nationally-determined-contributions/synthesis-report-on-the-aggregate-effect-of-intended-nationally-determined-contributions
https://doi.org/10.1088/1748-9326/aab53e
https://data.worldbank.org/indicator/EN.ATM.METH.KT.CE
https://data.worldbank.org/indicator/EN.ATM.METH.KT.CE

	1. Introduction
	2. Methods
	3. Results
	4. Discussion
	5. Conclusion
	Acknowledgments
	Data availability statement
	Author contributions
	Additional information
	Competing financial interests
	References



