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This report gives a brief overview of the current scientific understanding of emissions reductions
needed to achieve the temperature ambitions of the Paris Agreement. It builds on the findings in
the IPCC special Report on global warming of 1.5 °C and Special Report on Climate change
and Land, as well as recent updates in the scientific literature. It focuses on the main
characteristics of the emission pathways and what choices exist between mitigation of different
greenhouse gases. We also discuss how different choices affect the prospects of meeting the
Paris temperature goals.
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1. Climate response to emissions of different GHGs
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This first section examines how much warming greenhouse gas increases have committed us to
and how well we understand the climate response to future emissions.
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1.1 Committed warming
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Future global warming largely depends on future global emissions of greenhouse gases (GHGs),
but also from changes in other air pollutants The concept ‘committed warming’ - or ‘warming in
pipeline’ due to past emissions received increased attention in the context of the Paris Agreement
aiming at ‘holding the increase in the global average temperature to well below 2 °C above preindustrial levels and pursuing efforts to limit the temperature increase to 1.5 °C above preindustrial levels’.
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Based on the literature and knowledge available at the time, the SR1.5 concluded that past
emissions alone are unlikely to commit the world to global warming in excess of 1.5°C. Does this
conclusion still hold? There is new science emerging on the committed warming if CO2 emissions
fall to zero, the zero emission commitment (ZEC). There have also been additional warm years
since 2018 and a revision of historic temperature records. The amount of warming for future GHG
emissions before targets are passed also depends on emission changes in non-greenhouse gas
pollutants. The sections below detail how understanding of each of these has progressed since
the 2018 IPCC Special Report on global warming of 1.5 °C.
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1.2.2 Radiative Forcing and Global Warming Potentials
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Figure 2: Constrained future warming estimates as probability distribution functions. based on
revised climate sensitivity ranges from Sherwood et al. (2020). Results are shown for four
representative concentration pathways. (Figure 23 from Sherwood et al. 2020).
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The Effective Radiative Forcing (ERF) introduced in IPCC AR5 has now become the accepted
way to compare the magnitude of different climate change mechanisms (Richardson et al., 2020).
The ERF includes cloud related adjustments to the more traditional stratospherically adjusted
radiative forcing, allowing a better comparison of the effect on global surface temperature across
forcing agents.
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The establishment of ERF as the standard measure of forcing has helped improve the estimates
of GHG metrics (such as the GWP), including for methane. A number of other factors studied in
recent publications will also influence the GWP value for methane:
● Moving to ERF increases CO2 radiative forcing but leads to a decrease in methane
radiative forcing from cloud adjustments (Smith et al. 2018b). In of itself this would
decrease the GWP100 by ~20%.
● Etminan et al. (2016) include the shortwave forcing from methane and updates to the
water vapour continuum and account for the overlaps between carbon dioxide and nitrous
oxide. In of itself this would increase the GWP100 by 25%.
● Thornill et al. (2020) quantify the indirect effect of methane on ozone radiative forcing and
based on several models they find a significantly lower value than what was used in AR5
for GWP and GTP calculations. This could decrease the GWP100 by 25%.

8

The Global Warming Potential (GWP) is defined as the time-integrated radiative forcing due to a
pulse emission of a non-CO2 gas, relative to a pulse emission of an equal mass of CO2. It is used
for expressing the effects of different emissions on a common scale; so-called ‘CO2 equivalent
emissions’. The GWP was presented in the First IPCC Assessment (Houghton et al., 1990),
where it was stated that “It must be stressed that there is no universally accepted methodology
for combining all the relevant factors into a single global warming potential for greenhouse gas
emissions. A simple approach has been adopted here to illustrate the difficulties inherent in the
concept, …”.
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Since then, the GWP has become a widely used metric for aggregation of different gases to ‘CO 2
equivalent emissions’ in the context of reporting emissions as well as in designing and assessing
climate policies. The GWP for a time horizon of 100 years was adopted as a metric to implement
the multi-gas approach embedded in the United Nations Framework Convention on Climate
Change (UNFCCC) and made operational in the 1997 Kyoto Protocol.
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2.1 Emission metrics
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The numerical values for GWP have been updated in the successive IPCC reports, as a
consequence of updated science but also due to the changes occurring in the atmosphere; in
particular the CO2 concentration to which the radiative forcing has a non-linear relation.
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Since its introduction the concept has been evaluated and tested for use in design of mitigation
policies. IPCC AR4 stated that “Although it has several known shortcomings, a multi-gas strategy
using GWPs is very likely to have advantages over a CO 2-only strategy (O’Neill, 2003). Thus,
GWPs remain the recommended metric to compare future climate impacts of emissions of longlived climate gases.” In IPCC AR5, the assessment concluded that “The choice of metric and time
horizon depends on the particular application and which aspects of climate change are considered
relevant in a given context. Metrics do not define policies or goals but facilitate evaluation and
implementation of multi-component policies to meet particular goals. All choices of metric contain
implicit value-related judgements such as type of effect considered and weighting of effects over
time.”
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The Paris Agreement text does not explicitly specify any emission metric for aggregation of GHGs,
but under the Paris rulebook adopted at COP 24 in Katowice [Decision 18/CMA.1, annex,
paragraph 37], parties have agreed to use GWP100 values from the IPCC AR5 or GWP100
values from a subsequent IPCC assessment to report aggregate emissions and removals of
GHGs and for accounting under NDCs. In addition, it is also stated that parties may use other
metrics to report supplemental information on aggregate emissions and removals of greenhouse
gases. Using CO2-e under GWP100 for reporting does not preclude the use of other metrics for
policy, since CO2-equivalent values under different metrics are related by very simple formulae.
CO2-e emissions of SLGHGs under GWP20 are typically about three times their value under
GWP100, while CO2-warming-equivalent emissions under GWP* are four times the current value
of CO2-e under GWP100 minus 3.75 time the value 20 years previously.
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Figure 6: As Figure 5, except emissions reductions continue beyond 2050. 24% biogenic CH4
reduction by 2050, shown in the top panel and 47% reduction in the bottom panel. The panels
have three scenarios: emissions unchanged after 2050, matching Figure 5; the biogenic methane
reduction rate continuing after 2050; or biogenic methane emissions suddenly decline to zero
after 2050.
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3.2 Fairness and equity
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When determining either net zero targets dates or proportioning the remaining carbon budget into
national quotas, choices have to be made regarding fairness, equity and burden sharing. These
are obviously not straightforward and can have a large effect on levels of ambition for mitigation
reduction (see Figure 7 and Figure 3.9 from the UK CCC, 2019).
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Figure 7: Methodological, fairness and equity choices when creating national carbon budgets
from the global remaining carbon budget. Figure 2 from the 2019 CONSTRAIN report
https://constrain-eu.org/. See also Rogelj et al. (2019a).
When comparing national emission pathways, it is important to consider different national starting
points. The same ‘1.5C consistent’ mitigation actions measured by cost or other measure of effort
could result in different rates of emissions reductions in different regions depending on national
circumstances and their respective capabilities to cut emissions. This includes the share of hardto-abate emissions within a country profile today. For example, if the energy sector is already
mostly decarbonised, the national emissions might not fall as quickly as the global average,
whose rapid decline over the 2020s in 1.5°C scenarios is associated primarily with the rapid
removal of coal from the electricity generation mix. Assessing whether a nation is taking the ‘1.5C

22
ambitious mitigation. Nature npj Climate and Atmospheric Science, 1(2018-16), , doi:
10.1038/s41612-018-0026-8.
Allen M.R. et al. 2016: New use of global warming potentials to compare cumulative and short-lived
climate pollutants. Nature Climate Change, 6, 773-776, doi: 10.1038/nclimate2998
Collins, W.J.,C.P. Webber, P.M. Cox, C. Huntingford, J. Lowe, S. Sitch, S.E. Chadburn, E. Comyn-Platt,
A.B. Harper, G. Hayman and T. Powell, 2018: Increased importance of methane reduction for a 1.5
degree target. Environmental Research Letters, 13(5), doi:10.1088/1748-9326/aab89c.

n

at
io

Foster P.M., A.C. Maycock, C.M. McKenna and C.J. Smith, 2020: Latest climate models confirm need
for urgent mitigation. Nature Climate Change, 1–14, doi:10.1007/s11027-017-9762-z.

Ac
t

Danison S., Forster P.M., Smith C.J., 2019: Guidance on emissions metrics for nationally determined
contributions under the Paris Agreement. Environmental Research Letters, 10 (7-10),
doi:10.1038/s41558-019-0660-0.

rm

Fuglestvedt J.S., J. et al., 2018: Implications of possible interpretations of ‘greenhouse gas balance’ in
the Paris Agreement. Philosophical Transaction of the Royal Society A, 376(2119),

In
fo

doi:10.1098/rsta.2016.0445.

ci
al

Fuglestvedt J.S., Berntsen T.K. and Skodvin T., 2000: Climate implications of GWP‐based reductions in
greenhouse gas emissions. Geophysical Research Letters, 27(3), 409–412,
doi:10.1029/1999GL010939.

O

ffi

Fuglestvedt J.S., Berntsen T.K., Godal O., Sausen R., Shine K.P. and Skovin T., 2003 Metrics of Climate
Change: Assessing Radiative Forcing and Emission Indices. Climatic Change, 58, 267-331,
doi:10.1023/A:1023905326842 .

th

e

Gasser T. et al., 2016: Accounting for the climate–carbon feedback in emission metrics. Earth System
Dynamics, 8, 235-253, doi: 10.5194/esd-8-235-2017.

un
d

er

Grubler A. et al., 2018: A low energy demand scenario for meeting the 1.5 °C target and sustainable
development goals without negative emission technologies. Nature Energy, 3, 515-527,
doi:10.1038/s41560-018-0172-6 .

se
d

Hawkins E. et al., 2017: Estimating Changes in Global Temperature since the Preindustrial Period.
American Meteorological Society, 98(9), 1841-1856, doi:10.1175/BAMS-D-16-0007.1.

R

el

ea

Hoesly, R. M., Smith, S. J., Feng, L., Klimont, Z., Janssens-Maenhout, G., Pitkanen, T., Seibert, J. J., Vu,
L., Andres, R. J., Bolt, R. M., Bond, T. C., Dawidowski, L., Kholod, N., Kurokawa, J.-I., Li, M., Liu, L., Lu,
Z., Moura, M. C. P., O'Rourke, P. R and Zhang, Q.: Historical (1750–2014) anthropogenic emissions of
reactive gases and aerosols from the Community Emissions Data System (CEDS), Geosci. Model Dev.,
11, 369–408, https://doi.org/10.5194/gmd-11-369-2018, 2018
Hodnebrog Ø. Et.al., 2020: Updated Global Warming Potentials and Radiative Efficiencies of
Halocarbons and Other Weak Atmospheric Absorbers. Reviews of Geophysics, 58(3),
doi:10.1029/2019RG000691.
Kennedy J.J. et al.,, 2019: An Ensemble Data Set of Sea Surface Temperature Change From 1850: The
Met Office Hadley Centre HadSST.4.0.0.0 Data Set. JGR Atmospheres, 124(14), 7719-7763,
doi:10.1029/2018JD029867.
Lauder, A. R., I. G. Enting, J. O. Carter, N. Clisby, A. L. Cowie, B. K. Henry, and M. R. Raupach, 2013:
Offsetting methane emissions—An alternative to emission equivalence metrics. Int. J. Greenh. Gas

23
Control, 12, 419–429.
Lynch J.. et al., 2020: Demonstrating GWP*: a means of reporting warming-equivalent emissions that
captures the contrasting impacts of short- and long-lived climate pollutants. Environmental Research
Letters, 15(4), doi:10.1088/1748-9326/ab6d7e .
Myhre G.. et al., 2013: Radiative forcing [Stocker, T.F. et al. (eds.)]. Cambridge University Press, pp.
659-740.
MacDougall A.H. et al., 2020 Is there warming in the pipeline? A multi-model analysis of the Zero
Emissions Commitment from CO2.Biogeoscience, 17(11), doi: 10.5194/bg-17-2987-2020.

n

at
io

Popp et al., 2017: Land-use futures in the shared socio-economic pathways. Global Environmental
Change, Volume 42, January 2017, Pages 331-345. https://doi.org/10.1016/j.gloenvcha.2016.10.002

Ac
t

Nicholls Z.R.J. et al., 2020: Reduced complexity model intercomparison project phase 1: Protocol,
results and initial observations. Geoscientific Model Development, doi: 10.5194/gmd-2019-375.

In
fo

rm

Rogelj J. and Schleussner C.F., 2019: Unintentional unfairness when applying new greenhouse gas
emissions metrics at country level. Environmental Research Letters, 14(11), doi:10.1088/1748
9326/ab4928 .

ci
al

Rogelj J. er al., 2018: Estimating and tracking the remaining carbon budget for stringent climate
targets. Nature, 571, 335-342, doi:10.1038/s41586-019-1368-z

ffi

Rogelj J. et al., 2019: A new scenario logic for the Paris Agreement long-term temperature goal.
Nature, 573, 357-363, doi:10.1038/s41586-019-1541-4 .
JGR Atmospheres,

e

O

Richardson T.B. et al., 2019: Efficacy of Climate Forcings in PDRMIP Models.
124(23), 12824-12844, doi:10.1029/2019JD030581 .

er

th

Sherwood S.C. et al., 2020: An Assessment of Earth's Climate Sensitivity Using Multiple Lines of
Evidence. Reviews of Geophysics, 58(4), e2019RG000678 doi:10.1029/2019RG000678 .

un
d

Samset B.H. et al, 2018: Climate Impacts From a Removal of Anthropogenic Aerosol Emissions.
Geophysical Research Letters, 45, 408-411, doi:10 1002/2017GL076079 .

se
d

Shindell D. and Smith J., 2019: Climate and air quality benefits of a realistic phase-out of fossil fuels.
Nature, 573(sup1), 408-411, doi: 10.1038/s41586-019-1554-z

ea

Smith C.J.. et al., 2019: Current fossil fuel infrastructure does not yet commit us to 1.5 °C warming.
Nature Communications, 10(101), doi: 10.1038/s41467-018-07999-w.

R

el

Smith C.J. et al., 2018: Understanding Rapid Adjustments to Diverse Forcing Agents Geophysical
Research Letters,16(21),12023 12031, doi: 10.1029/2018GL079826
Steffen W. et al., 2018: Trajectories of the Earth System in the Anthropocene. PNAS, 115(33),
8252,8259,
doi:10.1073/pnas.1810141115.
Tanaka K. and O’Neil B.C., 2018: The Paris Agreement zero-emissions goal is not always consistent
with the 1.5 °C and 2 °C temperature targets. Nature Climate Change, 8, 319-324,
doi:10.1038/s41558-018-0097-x.
Tebaldi C. et al., 2020: Climate model projections from the Scenario Model Intercomparison Project
(ScenarioMIP) of CMIP6. Earth System Dynamics, , doi: 10.5194/esd-2020-68.

24
Thornhill G. et al., 2019: Climate-driven chemistry and aerosol feedbacks in CMIP6 Earth system
models Atmospheric Chemistry and Physics, doi: 0.5194/acp-2019-1207.
Turetsky M.R. et al., 2020: Carbon release through abrupt permafrost thaw. Nature Geoscience, 13,
138-143, doi:10.1038/s41561-019-0526-0.
UK Committee on Climate Change: Net Zero – The UK’s contribution to stopping global warming,
https://www.theccc.org.uk/publication/net-zero-the-uks-contribution-to-stopping-global-warming/
van Vuuren D.P. et al., 2018: Alternative pathways to the 1.5 °C target reduce the need for negative
emission technologies. Nature Climate Change, 8, 391-397, doi:10.1038/s41558-018-0119-8.

R

el

ea

se
d

un
d

er

th

e

O

ffi

ci
al

In
fo

rm

n

at
io

Zickfeld K. et al., 2017: Centuries of thermal sea-level rise due to anthropogenic emissions of shortlived greenhouse gases. PNAS, doi: 10.1073/pnas.1612066114.

Ac
t

Wang Y and Huang Y., 2020: The Surface Warming Attributable to Stratospheric Water Vapor in CO2‐
Caused Global Warming. JGR Atmospheres, 125(17), e2020JD032752, doi: 10.1029/2020JD032752.

2

ci
al

In
fo

rm

at
io

n

Before we discuss future warming, in light of the Paris temperature target it is worth considering
historic warming estimates. SR1.5 estimated that the human-induced warming had reached
around 1°C (with a 0.8°C to 1.2°C range) by the end of 2017 above pre-industrial levels. This was
based on averaging the first four datasets in Table 1.1 of that report. Since then these historic
temperature datasets are in the process of being revised. We expect these revisions to lead to a
slight increase in the warming to date overall (e.g. Kennedy et al. 2019, Kadow et al. 2020) and
the years since 2017 have continued to be among the hottest in the instrumental record. The
discussion of how we define globally average surface temperature was addressed in Chapter 2
of SR1.5 for the calculation of the remaining carbon budget. Chapter 2 employed two estimates
of the warming to date. The traditional measure of global-mean surface temperature (GMST) is
based on observations that use a combination of near surface air temperature over land and seaice regions and sea-surface temperature over open ocean regions. The second measure is one
that combined the observations with model data to estimate the near surface air temperature
trend everywhere. The latter choice was there estimated to lead to 10% higher levels of present
day warming and therefore a reduced remaining carbon budget. This 10% uplift was a model
calculation and more recent work suggests that it may not be borne out in real-world observations
comparing night-time marine air temperature to sea-surface temperature data (e.g. Kennedy et
al. 2019).
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1.1.1 Historic warming estimates
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IPCC SR1.5 used the average of 1850-1900, the earliest period then available in the direct
observational record with reliable estimates of the global average temperature, to approximate
pre-industrial levels. There has been discussion of the choice of 1750 or 1850-1900 for the preindustrial baseline. Using 1750 as a pre-industrial baseline could add around 0.05°C more
warming to date but this is not estimated to be statistically significant (Hawkins et al., 2017).
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In summary, we might expect further revisions and updates of the order one tenth of a degree to
the historic surface temperature change since preindustrial times and these would have knock on
effects for remaining carbon budget analyses. Note that by altering the historic temperature we
are implicitly altering the applied relationship between global temperature and climate impacts.
As an example, if we were to revise the present day historical warming upwards from 1.0°C to
1.1°C, the present day climate impacts do not alter, we instead would associate temperature
levels (e.g. 1.1°C or 1.5°C) with lower levels of climate impact than previously, so avoiding 1.5°C
of warming becomes a more stringent target (associated with a lower level of aggregate climate
impacts than it was previously), rather than the revision pushing us closer to higher levels of future
climate impact.
1.1.2 Non greenhouse gas emission changes
Changes in emissions that affect aerosol and those that affect ozone concentrations change
future temperature and how close we are to temperature targets. Although generally 20-30 years
of near term warming is expected from reducing aerosol pollution from a combination of climate
mitigation policies and air quality policies (Smith et al. 2018a; Samset et al. 2018), near term
warming can be limited with well designed policies targeting both short and long-lived pollutants
(Shindell and Smith, 2019). Forster et al. (2020) examined the climate response to COVID-19

