
1. Climate sensitivity
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(in °C W�1 m2) and S = �T2�CO2
 the equilibrium climate sensitivity, 

the equilibrium global average temperature change for a 
doubling (usually relative to pre-industrial) of the atmospheric 
CO2 concentration, which corresponds to a long-wave forcing 
of about 3.7 W m�2 (ref. 7). The beauty of this simple conceptual 
model of radiative forcing and climate sensitivity (equation (1)) 
is that the equilibrium warming is proportional to the radiative 
forcing and is readily computed as a function of the current CO2 
relative to the pre-industrial CO2: �T = S ln(CO2/CO2(t=1750))/ln2. 
The total forcing is assumed to be the sum of all individual 
forcings. The sensitivity S can also be phrased as8–10

                 S = �T0/(1 � f) (2)

where f is the feedback factor amplifying (if 0 < f < 1) or damping 
the initial blackbody response of �T0 = 1.2 °C for a CO2 doubling. 
!e total feedback can be phrased as the sum of all individual 
feedbacks9 (see Fig. 2; examples of feedbacks are increases in 
the greenhouse gas water vapour with warming; other feedbacks 
are associated with changes in lapse rate, albedo and clouds). To 
"rst order, the feedbacks are independent of T, yielding a climate 
sensitivity that is constant over time and similar between many 
forcings. !e global temperature response from di#erent forcings is 
therefore approximately additive11. However, detailed studies "nd 
that some feedbacks will change with the climate state12–14, which 
means that the assumption of a linear feedback term ��T is valid 
only for perturbations of a few degrees. !ere is a di#erence in the 
sensitivity to radiative forcing for di#erent forcing mechanisms, 

which has been phrased as their ‘e$cacy’7,15. !ese e#ects are 
represented poorly or not at all in simple climate models16. A more 
detailed discussion of the concepts and the history is given in 
refs 5, 7, 17–20.

Note that the concept of climate sensitivity does not quantify 
carbon-cycle feedbacks; it measures only the equilibrium surface 
response to a speci"ed CO2 forcing. !e timescale for reaching 
equilibrium is a few decades to centuries and increases strongly 
with sensitivity21. !e transient climate response (TCR, de"ned as 
the warming at the point of CO2 doubling in a model simulation in 
which CO2 increases at 1% yr�1) is a measure of the rate of warming 
while climate change is evolving, and it therefore depends on the 
ocean heat uptake �Q. !e dependence of TCR on sensitivity 
decreases for high sensitivities9,22,23.

ESTIMATES FROM COMPREHENSIVE MODELS AND PROCESS STUDIES

Ever since concern arose about increases of CO2 in the atmosphere 
causing warming, scientists have attempted to estimate how 
much warming will result from, for example, a doubling of the 
atmospheric CO2 concentration. Even the earliest estimates ranged 
remarkably close to our present estimate of a likely increase of 
between 2 and 4.5 °C (ref. 24). For example, Arrhenius25 and 
Callendar26, in the years 1896 and 1938, respectively, estimated that 
a doubling of CO2 would result in a global temperature increase of 
5.5 and 2 °C. Half a century later, the "rst energy-balance models, 
radiative convective models and general circulation models 
(GCMs) were used to quantify forcings and feedbacks, and with 
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Figure 1 The concept of radiative forcing, feedbacks and climate sensitivity. a, A change in a radiatively active agent causes an instantaneous radiative forcing (RF). b, The 
standard definition of RF includes the relatively fast stratospheric adjustments, with the troposphere kept fixed. c, Non-radiative effects in the troposphere (for example of 
CO2 heating rates on clouds and aerosol semi-direct and indirect effects) occurring on similar timescales can be considered as fast feedbacks or as a forcing. d–f, During 
the transient climate change phase (d), the forcing is balanced by ocean heat uptake and increased long-wave radiation emitted from a warmer surface, with feedbacks 
determining the temperature response until equilibrium is reached with a constant forcing (e, f). The equilibrium depends on whether additional slow feedbacks (for 
example ice sheets or vegetation) with their own intrinsic timescale are kept fixed (e) or are allowed to change (f).
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2. Longterm atmospheric CO2 and carbon emissions
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Figure 1 The concept of radiative forcing, feedbacks and climate sensitivity. a, A change in a radiatively active agent causes an instantaneous radiative forcing (RF). b, The 
standard definition of RF includes the relatively fast stratospheric adjustments, with the troposphere kept fixed. c, Non-radiative effects in the troposphere (for example of 
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+ve feedback: 
atmospheric CO2 rises, 
increase ocean acidity, 
less carbonate, more ocean CO2,  
inhibits ocean uptake of CO2 

IB is 3500 PgC, nearly conserved for emissions up to 4000 PgC
Goodwin et al.  (2007, 2009) GBC, Nature Geoscience

climate sensitivity= 2 to 4.5 K, mean of 3 K
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Earth system models find   
1 to 2.1 K for every 1000 
PgC (Matthews et al., 2009)

be used as an estimate of the centennial-scale temperature legacy of
these emissions. As a result, our estimates of CCR can be inverted to
estimate the total allowable anthropogenic carbon emissions per
degree of long-term temperature change.

From our model-based estimate of CCR, we estimate allowable
emissions of 1.25 TtC (range, 0.95–2TtC) for 2 uC warming relative
to pre-industrial temperature; our observationally based best estimate
of allowable emissions for 2 uC of warming is 1.4 TtC (5–95% con-
fidence interval, 1.0 to 1.9 TtC). Given total CO2 emissions until now
of approximately 0.5Tt C from fossil fuels and land-use change14,15,
this implies that total future carbon emissions consistent with 2 uC of
warming must be restricted to a best estimate of about 0.8Tt C
(0.7 Tt C based on themodel ensemblemean; 0.9 TtC based on obser-
vational constraints).

We emphasize, however, that the calculated uncertainty on this
number is quite large (0.4 to 1.5 Tt C). Furthermore, we are unable to
exclude the possibility of higher values of CCR (and consequently
lower values of allowable emissions), owing particularly to poorly

quantified uncertainties in historical land-use change emissions and
structural uncertainties in the simulated sulphate aerosol response.
For example, the allowable emissions for a particular warming
target calculated by ref. 5 were lower, because they used a higher
observational estimate of CO2-attributable warming as well as a
climate–carbon model which simulated non-negligible zero emis-
sions commitment under conditions of high climate sensitivity.
We note also that our analysis of allowable emissions applies specif-
ically to CO2-induced warming, and does not account for the effects
of other greenhouse gases or aerosols.

The CCR is a simple, yet robust representation of the global tem-
perature response to anthropogenic CO2 emissions, and as such is
directly relevant to current policy negotiations surrounding inter-
national climatemitigation efforts. The EuropeanUnionhas proposed
restricting global warming to less than 2 uC above pre-industrial tem-
peratures16; however, large uncertainty in equilibrium climate sensi-
tivity17 prevents confident estimates of the CO2 stabilization level
required to avoid 2 uCwarming, and climate sensitivity alone provides
no policy-useful information about the allowable CO2 emissions for a
given stabilization level. The CCR represents a synthesis of previous
efforts to quantify the temperature response to anthropogenic CO2

emissions by aggregating the uncertainties associated with climate
sensitivity, carbon sinks and climate–carbon feedbacks into a single
well-constrained metric of climate change that is related directly to
cumulative carbon emissions.

METHODS SUMMARY
For the idealized model experiments (1% per year CO2 increase; doubled/quad-
rupled CO2) we used the UVic ESCM version 2.8 (refs 9, 18–20). The UVic
ESCM is a computationally efficient coupled climate–carbon model, with inter-
active representations of three-dimensional ocean circulation, atmospheric
energy and moisture balances, sea ice dynamics and thermodynamics, dynamic
vegetation and the global carbon cycle (including land and both inorganic and
organic ocean carbon). Version 2.7 of the UVic ESCM was one of the 11 par-
ticipating models in C4MIP11, in which models were driven by a common CO2

emissions scenario and carbon sinks and atmospheric CO2 concentrations were
calculated interactively until the year 2100. From the C4MIP simulations, we
estimated CCR using globally averaged temperature change and accumulated
carbon emissions at the year of CO2 doubling in each simulation.
Our observational estimate of CCR was derived using estimates of CO2-attri-

butable warming and cumulative CO2 emissions for each decade of the twentieth
century relative to 1900–09. We estimated CO2-attributable warming using an
estimate of greenhouse-gas-attributable warming12, scaled by the ratio of CO2 to
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Figure 4 | Observational estimates of CCR. CCR was estimated for each
decade of the twentieth century after 1910 by scaling an observationally
constrained estimate of greenhouse-gas-attributable warming relative to
1900–09 by the ratio of CO2 forcing to total greenhouse gas forcing, and
dividing by cumulative anthropogenic carbon emissions over the same
period. This observationally constrained estimate of CCR is both stable in
time and consistent with the estimates derived from model simulations.
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Figure 3 | CCRestimated from theC4MIP simulations11. a, Decadal-average
temperature change plotted as a function of cumulative carbon emissions,
showing a near-linear relationship for both individual models (coloured
lines) and the ensemble mean (black line). b, Temperature change per
cumulative carbon emitted for each decade from 1900 to 2100 relative to the
first decade of each model simulation. Over most of the twenty-first century
portion of the simulations, CCR values in each model are remarkably
constant in time.
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Temperature change in GENIE after 
1000 y with emission of 5000 PgC

On how longterm warming and steric sea level rise relate to carbon emissions
Ric Williams (Liverpool), Phil Goodwin (Southampton), Andy Ridgwell (Bristol) & Phil Woodworth (NOC, Liverpool) 

Our theory:  
emission of 5000 PgC, longterm steric sea 
level rise  is 1 to 5m, plus mass change

Our theory: 
global warming is ~1.5 K for every 1000 PgC
(range of 0.8 to 1.9 K for every 1000 PgC)

ocean climate sensitivity is
poorly known, ~ 1 K

Knutti and Hegerl (2008) Nature Geosciences

Ref.: Williams, R.G., P. Goodwin, A. Ridgwell and P.L. Woodworth, 2012.. Geophysical Research Letters.
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