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Although carbon dioxide is long-lived, other chemical species
emitted by fossil-fuel burning, including methane (CH4 ), nitrogen
oxides (NOx ) and carbon monoxide (CO), impact the Earth’s
radiation balance6 both directly and through chemical reactions
affecting the concentrations of ozone, stratospheric water vapour,
and each other. We estimate that short-lived climate forcers (SLCFs)
taken together introduce a forcing of 0.36 W m−2 (0.17–0.56) (see
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equilibrated with anthropogenic forcing. As a result, even end of the assessed ranges (1.0–2.5 and 1.5–4.5 K, respectively) that
if fossil-fuel emissions were to suddenly cease, some level consider a wider variety of evidence25 . We return to this idea and its
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of committed warming is expected due to past emissions as implications below.
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studied previously using climate models . Here, we provide
These estimates of climate sensitivities can be used to infer
an observational-based quantification of this committed the committed future warming on centennial (transient) and at
warming using the instrument record of global-mean multi-millennial (equilibrium) timescales by scaling the radiation
warming12 , recently improved estimates of Earth’s energy imbalance and changes in forcing by the relevant climate sensitivity.
imbalance13 , and estimates of radiative forcing from the Fifth The simplest estimate of equilibrium committed warming Ta is
Assessment Report of the Intergovernmental Panel on Climate obtained by holding effective radiative forcing at present-day values
Change14 . Compared with pre-industrial levels, we find a and assuming that the warming balancing present-day energy
committed warming of 1.5 K (0.9–3.6, 5th–95th percentile) at imbalance (Q) will be consistent with joint distributions of past
equilibrium, and of 1.3 K (0.9–2.3) within this century. However, response to forcing. The resulting increment is added linearly to the
when assuming that ocean carbon uptake cancels remnant mean warming (T ) in the present-day (here 2005–2015) relative to
greenhouse gas-induced warming on centennial timescales, a pre-industrial period (1850–1899):
committed warming is reduced to 1.1 K (0.7–1.8). In the
ECS
latter case there is a 13% risk that committed warming already
Ta ≈ T + [Q + δF ]
(1)
15
exceeds the 1.5 K target set in Paris . Regular updates of these
F2×
observationally constrained committed warming estimates,
although simplistic, can provide transparent guidance as where F2× is the radiative forcing from a doubling of CO2 .
uncertainty regarding transient climate sensitivity inevitably Here δF ≈ 0.2 W m−2 accounts for forcing by emissions from 2010
narrows16 and the understanding of the limitations of the (the centre of the present-day period) to 2016, estimated from ref. 14
for the period 2000–2011 as about 0.033 W m−2 yr−1 to yield an upframework11,17–21 is advanced.
Burning of fossil fuels elevates atmospheric concentrations of to-date estimate of commitment. The result is case a in Fig. 2.
In the absence of fossil-fuel emissions, however, present-day
carbon dioxide (CO2 ), alters atmospheric chemistry, and produces
aerosol particles. Over the past century, warming by CO2 and aerosol forcing (Faero ≈ −0.9 W m−2 (−1.9 to −0.1)) will quickly
other greenhouse gases has exceeded cooling by aerosols and vanish as anthropogenic aerosols are removed by precipitation and
Earth’s surface temperature has gradually increased. If fossil-fuel other processes (case b):
emissions were to cease instantaneously, anthropogenic aerosols
ECS
would be washed out of the atmosphere in a matter of weeks
Tb ≈ T + [Q + δF − Faero ]
(2)
but anthropogenic CO2 would persist, equilibrating only across
F2×
centuries to millennia. The long life of CO2 and the large thermal
inertia of the oceans imply that some amount of future warming where it is assumed that non-fossil-fuel anthropogenic aerosols,
is inevitable even in the unreasonably optimistic scenario of an such as biomass burning, yield near-zero forcing26 . Values of
abrupt halt to fossil-fuel emissions. Here we apply observational committed warming exceeding 2 K are far more likely under this
constraints within a simple linear energetic framework to estimate assumption even though aerosol forcing does not dominate total
forcing (Supplementary Table 1). The high values of equilibrium
the magnitude of this committed warming due to past emissions.
We first estimate Earth’s equilibrium climate sensitivity (ECS) committed warming arise because, in the energy-balance model,
and transient climate response (TCR) (Fig. 1 and Methods) from the strict constraint on observed warming means that strong
estimates of effective radiative forcing and observations of present- aerosol cooling is possible only if climate sensitivity is high. These
day energy imbalance and global-mean surface temperature, using estimates are nonetheless smaller than earlier estimates5 of 2.4 K
an energy-balance model and treating uncertainty in each term (1.4–4.3) applying equivalent assumptions but basing their ECS on
using probability distributions22 . Both sensitivities are defined climate models.
according to the forcing by atmospheric CO2 concentrations
Although carbon dioxide is long-lived, other chemical species
doubled from pre-industrial values; ECS is the warming that occurs emitted by fossil-fuel burning, including methane (CH4 ), nitrogen
when the deep oceans have equilibrated while TCR is the warming oxides (NOx ) and carbon monoxide (CO), impact the Earth’s
at the time of doubling, assuming forcing increasing linearly at a radiation balance6 both directly and through chemical reactions
rate consistent with a 1% per year increase in CO2 concentration. affecting the concentrations of ozone, stratospheric water vapour,
Our estimates of TCR are commensurate with previous estimates23,24 and each other. We estimate that short-lived climate forcers (SLCFs)
and, despite reductions in the uncertainty of the Earth’s energy taken together introduce a forcing of 0.36 W m−2 (0.17–0.56) (see
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Figure S1: Historical temperature evolution for commitment case d of a two-layer model with ECS, TCR
and early 21st Century imbalance close to the observed inferences (see Methods). Blue is the surface
temperature and gray is the observed temperature record. After the year 2010 (marked by a dot) a linear
greenhouse gas forcing correction up to year 2016 is applied. Thereafter, the aerosol cooling and SLCFs
are abruptly removed and the model is run until year 2100. Green and pink lines show cases with increased
ocean heat uptake efficacy (✏) to the CMIP5 model mean and maximum 34 , respectively. ECS is then in
both cases iterated to give the same 2005-15 warming as in the case with ✏ = 1.0.
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Table S1: Input for the observations-based analysis. Changes are between the period 2005-2015
minus 1859-1882. Uncertainties are standard deviations of the assumed gaussian distributions. The
lower part of the table specifies the individual contributions to the total forcing change, whereas the
total aerosol forcing (Faero ) is relative to 1750.
Quantity

Value

Source
HadCRUT4 12

± 0.08 K

Temperature change ( T )

0.77

Total forcing change ( F )

2.16

Planetary imbalance, 2005-2015 (Q)

0.71 ± 0.06 Wm−2

± 0.59 Wm−2

Planetary imbalance, 1859-1882

0.15 ± 0.075 Wm−2

Greenhouse gas forcing change

2.53 ± 0.18 Wm−2

IPCC 14
Johnson et al. 13
Lewis and Curry 24
IPCC 14

± 0.55 Wm−2

IPCC 14

Black carbon on snow change

0.02

Stratospheric water vapor change

0.06 ± 0.03 Wm−2

IPCC 14

Aerosol forcing change

Land use change

-0.69

-0.10

IPCC 14

0.05

Wm−2

IPCC 14

-0.005

Wm−2

IPCC 14

Contrails

Total aerosol forcing, 2005-2015 (Faero )

± 0.06 Wm−2

IPCC 14

0.29

Forcing for doubled CO2 (F2⇥ )

IPCC 14

± 0.12 Wm−2

Ozone change

Natural forcing change

± 0.02 Wm−2

3.71

± 0.26 Wm−2

-0.90 ± 0.55 Wm−2

Table S2: Input for calculation of short-lived climate forcers associated with fossil fuel burning.
Uncertainties are standard deviations calculated from the referenced 5-95 percentiles.
Quantity

Value

Methane (CH4 )

0.970

Nitrogen oxides (NOx )
Carbon monoxide (CO)

Source
± 0.10 Wm−2

IPCC 26

0.234 ± 0.03 Wm−2

IPCC 26

-0.151 ± 0.11 Wm−2

Fossil fuel fraction of CH4 emissions (ff f )

0.29 ± 0.02

Weighted sum (Fslcf )

0.36

IPCC 26

IPCC 33

± 0.12 Wm−2
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