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global-mean, surface air temperature, ∆T (t) in K, relative to the pre industrial divided
by the cumulative carbon emission, Iem(t) in EgC, such that

TCRE ≡

∆T (t)

Iem(t)
. (1)

The TCRE is often viewed in terms of a product of two terms, the change in global-
mean air temperature divided by the change in the atmospheric carbon inventory,
∆Iatmos(t), and the change in the atmospheric carbon inventory divided by the
cumulative carbon emission, ∆Iatmos(t)/Iem(t) (Matthews et al. 2009, Solomon
et al. 2009, Gillett et al. 2013, MacDougall 2016), such that
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where ∆T (t)/∆Iatmos(t) is related to the Transient Climate Response, defined by
the temperature change at the time of doubling of atmospheric CO2 (Matthews
et al. 2009), and ∆Iatmos(t)/Iem(t) defines the airborne fraction.

Alternatively, the TCRE in (2) may be linked to an identity involving a thermal
response to radiative forcing, defined by the change in temperature divided by the
change in radiative forcing, ∆F , and a radiative forcing response to carbon emissions,
defined by the change in radiative forcing divided by the cumulative carbon emissions
(Goodwin et al. 2015, Williams et al. 2016, Williams et al. 2017), such that

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆F (t)

)(

∆F (t)

Iem(t)

)
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which may be extended by rewriting the radiative forcing dependence to carbon
emissions in terms of the radiative forcing dependence on atmospheric CO2 and the
airborne fraction (Ehlert et al. 2017, Katavouta et al. 2018),
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Each of these identities for the TCRE have different potential merits: the first identity
(2) provides a clearer connection to changes in carbon cycling via the airborne fraction,
while the second identity (3) provides a clearer connection to the thermal processes of
climate feedbacks and ocean heat uptake, and to the radiative forcing that depends
upon the change in the logarithm of atmospheric CO2. Here, we focus on the combined
identity for the TCRE (4), including the effects of the thermal response, the radiative
forcing and the airborne fraction.

2.1. Dependence of surface warming on radiative forcing

The increase in radiative forcing, ∆F (t), drives an increase in planetary heat uptake,
N(t), plus a radiative response, ∆R(t), which is assumed to be equivalent to the
product of the increase in global mean, surface air temperature, ∆T (t), and the
climate feedback parameter, λ(t) (Gregory et al. 2004, Knutti & Hegerl 2008, Andrews
et al. 2012, Forster et al. 2013) by

∆F (t) = ∆R(t) +N(t) ≡ λ(t)∆T (t) +N(t), (5)

where N(t) is the planetary heat flux into the climate system, which is dominated by
the heat uptake by the ocean (Church et al. 2011), and ∆F (t) is defined as positive
into the ocean.
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(a) Surface warming versus cumulative emissions for CMIP6
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(3) 
 

 
 

The ocean affects surface warming in (3) by altering the thermal and carbon responses in the first 
and second bracketed terms. In the thermal response, the ocean dominates the planetary heat 
uptake, N(t) , and probably modifies the climate feedback parameter, λ(t) , by altering cloud and 
sea-ice feedback processes. In the carbon response, ocean carbonate chemistry alters the ability 
of the saturated ocean to take up carbon with increasing atmospheric CO2, ΔIsat(t) , and ocean 
ventilation controls the increase in the ocean carbon inventory, ΔIocean(t) . 
 
(iv) A caveat to this relationship (3) is that only radiative forcing from atmospheric CO2 is included. 
More generally, the radiative forcing ΔR(t)  may be separated into the sum of CO2 and non-CO2 
contributions (from other greenhouse gases or aerosols), ΔRCO2(t)+ΔRnonCO2(t) , then the surface 
warming relationship (3) may be generalised to be a product of three terms involving the thermal, 
non-CO2, and carbon responses (each within curly brackets), 

(4) 
 
 
 

(b) Global-mean definitions for carbon-cycle feedbacks 
Carbon cycle feedbacks are understood in terms of empirical connections between surface 
warming, atmospheric CO2 and land and ocean carbon inventories   [Friedlingstein et al., 2003; 
2006; Arora et al., 2013]; expressed for surface warming and atmospheric CO2 as 
  ΔTs (t) =α(t)ΔCO2 (t)  in (5a)   

and between the ocean carbon inventory, ΔIocean (t)  and carbon concentration and climate by 

  ΔIocean (t) = βocean (t)ΔCO2 (t)+γocean (t)ΔTs (t).  (5b) 
This feedback framework does not draw upon any theory or insight as to how the ocean operates.  
 
(c) Regional extension to global-mean theory 
We now wish to extend our global-mean theory to include the regional contributions to each of the 
global-mean variables in (3) to (5). The global-mean variables are related to area-weighted 
regional values, such asΔTs (t) = (1/ A) ΔTs (x, y,t)∫ dA (6a)

 
and λ(t) = (1/ A) λ(x, y,t)∫ dA (6b);

 
ocean regional heat uptake is directly related to the tendency of the full-depth heat content,
N (x, y,t) = ∂Q(x, y,t) ∂t (6c);  and the ocean carbon inventory is related to dissolved inorganic 

carbon,  ΔIocean (t) = ΔDIC(x, y, z,t)∫ dV (6d );
.
where A is horizontal area and V is volume.  

Hence, our overarching aim is to exploit our theory to address how the regional ocean uptake of 
heat and carbon, and regional changes in the climate feedback parameter control the global-mean 
surface warming response (Fig. 2), as well as the Transient Climate response to Emissions 
(TCRE) [defined by the ratio of the surface warming and the cumulative carbon emission, 
ΔTs (t) / Iem(t) ], and climate-carbon cycle feedbacks. 
 

 

Figure 2. A schematic view of the surface warming 
relationship versus cumulative carbon emissions (black 
line). The surface warming response weakens (blue line) 
with greater ventilation of heat and carbon, enhancing N 
and ΔΙocean in (4). In time, the climate feedback is likely to 
reduce, so that the surface warming response increases 
in time from (4) (red line). The slope of the line defines 
the effective Transient Climate Response to Emissions, 
ΔTs/Iem. 
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The dependence of surface warming on radiative forcing, ∆T (t)/∆F (t), in (3) is
then directly connected to the product of the inverse of the climate feedback, λ(t)−1

and the planetary heat uptake divided by the radiative forcing, N(t)/∆F (t),

∆T (t)

∆F (t)
=

1

λ(t)

(

1−
N(t)

∆F (t)

)

, (6)

where (1−N(t)/F (t)) represents the fraction of the radiative forcing that warms the
surface, rather than the ocean interior.

2.2. Dependence of radiative forcing from atmospheric CO2 on carbon emissions

The dependence of radiative forcing on cumulative carbon emissions, ∆F (t)/Iem(t),
in (3) may be expressed in terms of changes in the radiative forcing on changes in
atmospheric CO2, ∆F (t)/∆Iatmos(t), and the airborne fraction, ∆Iatmos(t)/Iem(t)
(Ehlert et al. 2017),

∆F (t)

Iem(t)
=

(

∆F (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

. (7)

The airborne fraction, ∆Iatmos(t)/Iem(t), is related to the changes in the oceanborne
and landborne fractions (Jones et al. 2013),

∆Iatmos(t)

Iem(t)
= 1−

(

∆Iocean(t)

Iem(t)
+

∆Iter(t)

Iem(t)

)

, (8)

where the changes in the ocean and terrestrial inventories are denoted by ∆Iocean(t)
and ∆Iter(t) respectively.

The sensitivity of the radiative forcing on atmospheric CO2, ∆F (t)/∆Iatmos(t),
saturates with increasing atmospheric CO2, with the radiative forcing represented by
a logarithmic dependence,

∆F (t) = a ln(CO2(t)/CO2(t0)), (9)

where a is a radiative forcing coefficient for CO2 (Myhre et al. 1998) and t0 is the time
of the pre industrial. During emissions, the decrease in the sensitivity of the radiative
forcing on atmospheric CO2, ∆F (t)/∆Iatmos(t), may equivalently be viewed in terms
of the ocean acidifying with increasing atmospheric CO2 and decreasing the amount
of saturated carbon that the ocean can hold (Katavouta et al. 2018).

Next we apply these theoretical relations (3) to (9) to understand how the TCRE
is controlled.

3. Methods

3.1. Models

Our analyses are applied to 9 CMIP6 and 7 CMIP5 models, which have been forced
by an annual 1% rise in atmospheric CO2 for 140 years starting from a pre-industrial
control, following the 1pctCO2 experimental protocol (Table 1).

a
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global-mean, surface air temperature, ∆T (t) in K, relative to the pre industrial divided
by the cumulative carbon emission, Iem(t) in EgC, such that

TCRE ≡

∆T (t)

Iem(t)
. (1)

The TCRE is often viewed in terms of a product of two terms, the change in global-
mean air temperature divided by the change in the atmospheric carbon inventory,
∆Iatmos(t), and the change in the atmospheric carbon inventory divided by the
cumulative carbon emission, ∆Iatmos(t)/Iem(t) (Matthews et al. 2009, Solomon
et al. 2009, Gillett et al. 2013, MacDougall 2016), such that

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

, (2)

where ∆T (t)/∆Iatmos(t) is related to the Transient Climate Response, defined by
the temperature change at the time of doubling of atmospheric CO2 (Matthews
et al. 2009), and ∆Iatmos(t)/Iem(t) defines the airborne fraction.

Alternatively, the TCRE in (2) may be linked to an identity involving a thermal
response to radiative forcing, defined by the change in temperature divided by the
change in radiative forcing, ∆F , and a radiative forcing response to carbon emissions,
defined by the change in radiative forcing divided by the cumulative carbon emissions
(Goodwin et al. 2015, Williams et al. 2016, Williams et al. 2017), such that

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆F (t)

)(

∆F (t)

Iem(t)

)

, (3)

which may be extended by rewriting the radiative forcing dependence to carbon
emissions in terms of the radiative forcing dependence on atmospheric CO2 and the
airborne fraction (Ehlert et al. 2017, Katavouta et al. 2018),

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆F (t)

)(

∆F (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

. (4)

Each of these identities for the TCRE have different potential merits: the first identity
(2) provides a clearer connection to changes in carbon cycling via the airborne fraction,
while the second identity (3) provides a clearer connection to the thermal processes of
climate feedbacks and ocean heat uptake, and to the radiative forcing that depends
upon the change in the logarithm of atmospheric CO2. Here, we focus on the combined
identity for the TCRE (4), including the effects of the thermal response, the radiative
forcing and the airborne fraction.

2.1. Dependence of surface warming on radiative forcing

The increase in radiative forcing, ∆F (t), drives an increase in planetary heat uptake,
N(t), plus a radiative response, ∆R(t), which is assumed to be equivalent to the
product of the increase in global mean, surface air temperature, ∆T (t), and the
climate feedback parameter, λ(t) (Gregory et al. 2004, Knutti & Hegerl 2008, Andrews
et al. 2012, Forster et al. 2013) by

∆F (t) = ∆R(t) +N(t) ≡ λ(t)∆T (t) +N(t), (5)

where N(t) is the planetary heat flux into the climate system, which is dominated by
the heat uptake by the ocean (Church et al. 2011), and ∆F (t) is defined as positive
into the ocean.
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Figure 5. Evolution of the TCRE and its components for 9 CMIP6 (left panels)
and 7 CMIP5 (right panels) Earth system models together with their model
means (thick black and grey lines): (a) the TCRE from the dependence of surface
warming on cumulative carbon emissions, ∆T/Iem in K EgC−1; (b) the thermal
response from the dependence of surface warming on radiative forcing, ∆T/∆F in
K (W m−2)−1; and (c) the dependence of radiative forcing on cumulative carbon
emissions , ∆F/Iem in (W m−2) EgC−1.
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The dependence of surface warming on radiative forcing, ∆T (t)/∆F (t), in (3) is
then directly connected to the product of the inverse of the climate feedback, λ(t)−1

and the planetary heat uptake divided by the radiative forcing, N(t)/∆F (t),

∆T (t)

∆F (t)
=

1

λ(t)

(

1−
N(t)

∆F (t)

)

, (6)

where (1−N(t)/F (t)) represents the fraction of the radiative forcing that warms the
surface, rather than the ocean interior.

2.2. Dependence of radiative forcing from atmospheric CO2 on carbon emissions

The dependence of radiative forcing on cumulative carbon emissions, ∆F (t)/Iem(t),
in (3) may be expressed in terms of changes in the radiative forcing on changes in
atmospheric CO2, ∆F (t)/∆Iatmos(t), and the airborne fraction, ∆Iatmos(t)/Iem(t)
(Ehlert et al. 2017),

∆F (t)

Iem(t)
=

(

∆F (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

. (7)

The airborne fraction, ∆Iatmos(t)/Iem(t), is related to the changes in the oceanborne
and landborne fractions (Jones et al. 2013),

∆Iatmos(t)

Iem(t)
= 1−

(

∆Iocean(t)

Iem(t)
+

∆Iter(t)

Iem(t)

)

, (8)

where the changes in the ocean and terrestrial inventories are denoted by ∆Iocean(t)
and ∆Iter(t) respectively.

The sensitivity of the radiative forcing on atmospheric CO2, ∆F (t)/∆Iatmos(t),
saturates with increasing atmospheric CO2, with the radiative forcing represented by
a logarithmic dependence,

∆F (t) = a ln(CO2(t)/CO2(t0)), (9)

where a is a radiative forcing coefficient for CO2 (Myhre et al. 1998) and t0 is the time
of the pre industrial. During emissions, the decrease in the sensitivity of the radiative
forcing on atmospheric CO2, ∆F (t)/∆Iatmos(t), may equivalently be viewed in terms
of the ocean acidifying with increasing atmospheric CO2 and decreasing the amount
of saturated carbon that the ocean can hold (Katavouta et al. 2018).

Next we apply these theoretical relations (3) to (9) to understand how the TCRE
is controlled.

3. Methods

3.1. Models

Our analyses are applied to 9 CMIP6 and 7 CMIP5 models, which have been forced
by an annual 1% rise in atmospheric CO2 for 140 years starting from a pre-industrial
control, following the 1pctCO2 experimental protocol (Table 1).
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The dependence of surface warming on radiative forcing, ∆T (t)/∆F (t), in (3) is
then directly connected to the product of the inverse of the climate feedback, λ(t)−1

and the planetary heat uptake divided by the radiative forcing, N(t)/∆F (t),

∆T (t)

∆F (t)
=

1

λ(t)

(

1−
N(t)

∆F (t)

)

, (6)

where (1−N(t)/F (t)) represents the fraction of the radiative forcing that warms the
surface, rather than the ocean interior.

2.2. Dependence of radiative forcing from atmospheric CO2 on carbon emissions

The dependence of radiative forcing on cumulative carbon emissions, ∆F (t)/Iem(t),
in (3) may be expressed in terms of changes in the radiative forcing on changes in
atmospheric CO2, ∆F (t)/∆Iatmos(t), and the airborne fraction, ∆Iatmos(t)/Iem(t)
(Ehlert et al. 2017),

∆F (t)

Iem(t)
=

(

∆F (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

. (7)

The airborne fraction, ∆Iatmos(t)/Iem(t), is related to the changes in the oceanborne
and landborne fractions (Jones et al. 2013),

∆Iatmos(t)

Iem(t)
= 1−

(

∆Iocean(t)

Iem(t)
+

∆Iter(t)

Iem(t)

)

, (8)

where the changes in the ocean and terrestrial inventories are denoted by ∆Iocean(t)
and ∆Iter(t) respectively.

The sensitivity of the radiative forcing on atmospheric CO2, ∆F (t)/∆Iatmos(t),
saturates with increasing atmospheric CO2, with the radiative forcing represented by
a logarithmic dependence,

∆F (t) = a ln(CO2(t)/CO2(t0)), (9)

where a is a radiative forcing coefficient for CO2 (Myhre et al. 1998) and t0 is the time
of the pre industrial. During emissions, the decrease in the sensitivity of the radiative
forcing on atmospheric CO2, ∆F (t)/∆Iatmos(t), may equivalently be viewed in terms
of the ocean acidifying with increasing atmospheric CO2 and decreasing the amount
of saturated carbon that the ocean can hold (Katavouta et al. 2018).

Next we apply these theoretical relations (3) to (9) to understand how the TCRE
is controlled.

3. Methods

3.1. Models

Our analyses are applied to 9 CMIP6 and 7 CMIP5 models, which have been forced
by an annual 1% rise in atmospheric CO2 for 140 years starting from a pre-industrial
control, following the 1pctCO2 experimental protocol (Table 1).
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Figure 7. Evolution of (a) the dependence of radiative forcing on cumulative
carbon emissions, ∆F/Iem in (W m−2) EgC−1; (b) the ratio of the radiative
forcing and the change in the atmospheric carbon inventory, ∆F/∆Iatmos in
(W m−2) EgC−1; and (c) the airborne fraction, ∆Iatmos/Iem, for 9 CMIP6 (left
panels) and 7 CMIP5 (right panels) Earth system models together with their
model means (thick black and grey lines).
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Figure 4. Evolution of the TCRE, surface warming dependence on atmospheric
carbon and airborne fraction for 9 CMIP6 (left panels) and 7 CMIP5 (right panels)
Earth system models together with their model means (thick black and grey lines):
(a) the TCRE from the dependence of surface warming on cumulative carbon
emissions, ∆T/Iem in K EgC−1; (b) the Transient Climate Response (TCR)
from the dependence of surface warming on atmospheric carbon, ∆T/∆Iatmos in
K (EgC)−1; and (c) the airborne fraction, ∆Iatmos/Iem.
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The dependence of surface warming on radiative forcing, ∆T (t)/∆F (t), in (3) is
then directly connected to the product of the inverse of the climate feedback, λ(t)−1

and the planetary heat uptake divided by the radiative forcing, N(t)/∆F (t),

∆T (t)

∆F (t)
=

1

λ(t)

(

1−
N(t)

∆F (t)

)

, (6)

where (1−N(t)/F (t)) represents the fraction of the radiative forcing that warms the
surface, rather than the ocean interior.

2.2. Dependence of radiative forcing from atmospheric CO2 on carbon emissions

The dependence of radiative forcing on cumulative carbon emissions, ∆F (t)/Iem(t),
in (3) may be expressed in terms of changes in the radiative forcing on changes in
atmospheric CO2, ∆F (t)/∆Iatmos(t), and the airborne fraction, ∆Iatmos(t)/Iem(t)
(Ehlert et al. 2017),

∆F (t)

Iem(t)
=

(

∆F (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

. (7)

The airborne fraction, ∆Iatmos(t)/Iem(t), is related to the changes in the oceanborne
and landborne fractions (Jones et al. 2013),

∆Iatmos(t)

Iem(t)
= 1−

(

∆Iocean(t)

Iem(t)
+

∆Iter(t)

Iem(t)

)

, (8)

where the changes in the ocean and terrestrial inventories are denoted by ∆Iocean(t)
and ∆Iter(t) respectively.

The sensitivity of the radiative forcing on atmospheric CO2, ∆F (t)/∆Iatmos(t),
saturates with increasing atmospheric CO2, with the radiative forcing represented by
a logarithmic dependence,

∆F (t) = a ln(CO2(t)/CO2(t0)), (9)

where a is a radiative forcing coefficient for CO2 (Myhre et al. 1998) and t0 is the time
of the pre industrial. During emissions, the decrease in the sensitivity of the radiative
forcing on atmospheric CO2, ∆F (t)/∆Iatmos(t), may equivalently be viewed in terms
of the ocean acidifying with increasing atmospheric CO2 and decreasing the amount
of saturated carbon that the ocean can hold (Katavouta et al. 2018).

Next we apply these theoretical relations (3) to (9) to understand how the TCRE
is controlled.

3. Methods

3.1. Models

Our analyses are applied to 9 CMIP6 and 7 CMIP5 models, which have been forced
by an annual 1% rise in atmospheric CO2 for 140 years starting from a pre-industrial
control, following the 1pctCO2 experimental protocol (Table 1).
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global-mean, surface air temperature, ∆T (t) in K, relative to the pre industrial divided
by the cumulative carbon emission, Iem(t) in EgC, such that

TCRE ≡

∆T (t)

Iem(t)
. (1)

The TCRE is often viewed in terms of a product of two terms, the change in global-
mean air temperature divided by the change in the atmospheric carbon inventory,
∆Iatmos(t), and the change in the atmospheric carbon inventory divided by the
cumulative carbon emission, ∆Iatmos(t)/Iem(t) (Matthews et al. 2009, Solomon
et al. 2009, Gillett et al. 2013, MacDougall 2016), such that

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

, (2)

where ∆T (t)/∆Iatmos(t) is related to the Transient Climate Response, defined by
the temperature change at the time of doubling of atmospheric CO2 (Matthews
et al. 2009), and ∆Iatmos(t)/Iem(t) defines the airborne fraction.

Alternatively, the TCRE in (2) may be linked to an identity involving a thermal
response to radiative forcing, defined by the change in temperature divided by the
change in radiative forcing, ∆F , and a radiative forcing response to carbon emissions,
defined by the change in radiative forcing divided by the cumulative carbon emissions
(Goodwin et al. 2015, Williams et al. 2016, Williams et al. 2017), such that

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆F (t)

)(

∆F (t)

Iem(t)

)

, (3)

which may be extended by rewriting the radiative forcing dependence to carbon
emissions in terms of the radiative forcing dependence on atmospheric CO2 and the
airborne fraction (Ehlert et al. 2017, Katavouta et al. 2018),

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆F (t)

)(

∆F (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

. (4)

Each of these identities for the TCRE have different potential merits: the first identity
(2) provides a clearer connection to changes in carbon cycling via the airborne fraction,
while the second identity (3) provides a clearer connection to the thermal processes of
climate feedbacks and ocean heat uptake, and to the radiative forcing that depends
upon the change in the logarithm of atmospheric CO2. Here, we focus on the combined
identity for the TCRE (4), including the effects of the thermal response, the radiative
forcing and the airborne fraction.

2.1. Dependence of surface warming on radiative forcing

The increase in radiative forcing, ∆F (t), drives an increase in planetary heat uptake,
N(t), plus a radiative response, ∆R(t), which is assumed to be equivalent to the
product of the increase in global mean, surface air temperature, ∆T (t), and the
climate feedback parameter, λ(t) (Gregory et al. 2004, Knutti & Hegerl 2008, Andrews
et al. 2012, Forster et al. 2013) by

∆F (t) = ∆R(t) +N(t) ≡ λ(t)∆T (t) +N(t), (5)

where N(t) is the planetary heat flux into the climate system, which is dominated by
the heat uptake by the ocean (Church et al. 2011), and ∆F (t) is defined as positive
into the ocean.

radiative 
forcing

radiative 
response

planetary heat 
uptake  
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cumulative carbon emission, ∆Iatmos(t)/Iem(t) (Matthews et al. 2009, Solomon
et al. 2009, Gillett et al. 2013, MacDougall 2016), such that

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

, (2)

where ∆T (t)/∆Iatmos(t) is related to the Transient Climate Response, defined by
the temperature change at the time of doubling of atmospheric CO2 (Matthews
et al. 2009), and ∆Iatmos(t)/Iem(t) defines the airborne fraction.

Alternatively, the TCRE in (2) may be linked to an identity involving a thermal
response to radiative forcing, defined by the change in temperature divided by the
change in radiative forcing, ∆F , and a radiative forcing response to carbon emissions,
defined by the change in radiative forcing divided by the cumulative carbon emissions
(Goodwin et al. 2015, Williams et al. 2016, Williams et al. 2017), such that

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆F (t)

)(

∆F (t)

Iem(t)

)

, (3)

which may be extended by rewriting the radiative forcing dependence to carbon
emissions in terms of the radiative forcing dependence on atmospheric CO2 and the
airborne fraction (Ehlert et al. 2017, Katavouta et al. 2018),

TCRE =
∆T (t)

Iem(t)
=
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)(
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. (4)

Each of these identities for the TCRE have different potential merits: the first identity
(2) provides a clearer connection to changes in carbon cycling via the airborne fraction,
while the second identity (3) provides a clearer connection to the thermal processes of
climate feedbacks and ocean heat uptake, and to the radiative forcing that depends
upon the change in the logarithm of atmospheric CO2. Here, we focus on the combined
identity for the TCRE (4), including the effects of the thermal response, the radiative
forcing and the airborne fraction.

2.1. Dependence of surface warming on radiative forcing

The increase in radiative forcing, ∆F (t), drives an increase in planetary heat uptake,
N(t), plus a radiative response, ∆R(t), which is assumed to be equivalent to the
product of the increase in global mean, surface air temperature, ∆T (t), and the
climate feedback parameter, λ(t) (Gregory et al. 2004, Knutti & Hegerl 2008, Andrews
et al. 2012, Forster et al. 2013) by

∆F (t) = ∆R(t) +N(t) ≡ λ(t)∆T (t) +N(t), (5)

where N(t) is the planetary heat flux into the climate system, which is dominated by
the heat uptake by the ocean (Church et al. 2011), and ∆F (t) is defined as positive
into the ocean.
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where ∆T (t)/∆Iatmos(t) is related to the Transient Climate Response, defined by
the temperature change at the time of doubling of atmospheric CO2 (Matthews
et al. 2009), and ∆Iatmos(t)/Iem(t) defines the airborne fraction.

Alternatively, the TCRE in (2) may be linked to an identity involving a thermal
response to radiative forcing, defined by the change in temperature divided by the
change in radiative forcing, ∆F , and a radiative forcing response to carbon emissions,
defined by the change in radiative forcing divided by the cumulative carbon emissions
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which may be extended by rewriting the radiative forcing dependence to carbon
emissions in terms of the radiative forcing dependence on atmospheric CO2 and the
airborne fraction (Ehlert et al. 2017, Katavouta et al. 2018),
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Each of these identities for the TCRE have different potential merits: the first identity
(2) provides a clearer connection to changes in carbon cycling via the airborne fraction,
while the second identity (3) provides a clearer connection to the thermal processes of
climate feedbacks and ocean heat uptake, and to the radiative forcing that depends
upon the change in the logarithm of atmospheric CO2. Here, we focus on the combined
identity for the TCRE (4), including the effects of the thermal response, the radiative
forcing and the airborne fraction.

2.1. Dependence of surface warming on radiative forcing

The increase in radiative forcing, ∆F (t), drives an increase in planetary heat uptake,
N(t), plus a radiative response, ∆R(t), which is assumed to be equivalent to the
product of the increase in global mean, surface air temperature, ∆T (t), and the
climate feedback parameter, λ(t) (Gregory et al. 2004, Knutti & Hegerl 2008, Andrews
et al. 2012, Forster et al. 2013) by

∆F (t) = ∆R(t) +N(t) ≡ λ(t)∆T (t) +N(t), (5)

where N(t) is the planetary heat flux into the climate system, which is dominated by
the heat uptake by the ocean (Church et al. 2011), and ∆F (t) is defined as positive
into the ocean.
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Figure 6. Evolution of (a) the thermal response from the dependence of surface
warming on radiative forcing, ∆T/∆F in K (W m−2)−1; (b) 1/climate feedback
parameter, λ−1 in K (W m−2)−1; and (c) the fraction of radiative forcing that
warms the surface, (1 − N/∆F ), for 9 CMIP6 (left panels) and 7 CMIP5 (right
panels) Earth system models together with their model means (thick black and
grey lines).
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The dependence of surface warming on radiative forcing, ∆T (t)/∆F (t), in (3) is
then directly connected to the product of the inverse of the climate feedback, λ(t)−1

and the planetary heat uptake divided by the radiative forcing, N(t)/∆F (t),

∆T (t)

∆F (t)
=

1

λ(t)

(

1−
N(t)

∆F (t)

)

, (6)

where (1−N(t)/F (t)) represents the fraction of the radiative forcing that warms the
surface, rather than the ocean interior.

2.2. Dependence of radiative forcing from atmospheric CO2 on carbon emissions

The dependence of radiative forcing on cumulative carbon emissions, ∆F (t)/Iem(t),
in (3) may be expressed in terms of changes in the radiative forcing on changes in
atmospheric CO2, ∆F (t)/∆Iatmos(t), and the airborne fraction, ∆Iatmos(t)/Iem(t)
(Ehlert et al. 2017),

∆F (t)

Iem(t)
=

(

∆F (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

. (7)

The airborne fraction, ∆Iatmos(t)/Iem(t), is related to the changes in the oceanborne
and landborne fractions (Jones et al. 2013),

∆Iatmos(t)

Iem(t)
= 1−

(

∆Iocean(t)

Iem(t)
+

∆Iter(t)

Iem(t)

)

, (8)

where the changes in the ocean and terrestrial inventories are denoted by ∆Iocean(t)
and ∆Iter(t) respectively.

The sensitivity of the radiative forcing on atmospheric CO2, ∆F (t)/∆Iatmos(t),
saturates with increasing atmospheric CO2, with the radiative forcing represented by
a logarithmic dependence,

∆F (t) = a ln(CO2(t)/CO2(t0)), (9)

where a is a radiative forcing coefficient for CO2 (Myhre et al. 1998) and t0 is the time
of the pre industrial. During emissions, the decrease in the sensitivity of the radiative
forcing on atmospheric CO2, ∆F (t)/∆Iatmos(t), may equivalently be viewed in terms
of the ocean acidifying with increasing atmospheric CO2 and decreasing the amount
of saturated carbon that the ocean can hold (Katavouta et al. 2018).

Next we apply these theoretical relations (3) to (9) to understand how the TCRE
is controlled.

3. Methods

3.1. Models

Our analyses are applied to 9 CMIP6 and 7 CMIP5 models, which have been forced
by an annual 1% rise in atmospheric CO2 for 140 years starting from a pre-industrial
control, following the 1pctCO2 experimental protocol (Table 1).

dependence of 
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Figure 6. Evolution of (a) the thermal response from the dependence of surface
warming on radiative forcing, ∆T/∆F in K (W m−2)−1; (b) 1/climate feedback
parameter, λ−1 in K (W m−2)−1; and (c) the fraction of radiative forcing that
warms the surface, (1 − N/∆F ), for 9 CMIP6 (left panels) and 7 CMIP5 (right
panels) Earth system models together with their model means (thick black and
grey lines).
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Figure 6. Evolution of (a) the thermal response from the dependence of surface
warming on radiative forcing, ∆T/∆F in K (W m−2)−1; (b) 1/climate feedback
parameter, λ−1 in K (W m−2)−1; and (c) the fraction of radiative forcing that
warms the surface, (1 − N/∆F ), for 9 CMIP6 (left panels) and 7 CMIP5 (right
panels) Earth system models together with their model means (thick black and
grey lines).
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The dependence of surface warming on radiative forcing, ∆T (t)/∆F (t), in (3) is
then directly connected to the product of the inverse of the climate feedback, λ(t)−1

and the planetary heat uptake divided by the radiative forcing, N(t)/∆F (t),

∆T (t)

∆F (t)
=

1

λ(t)

(

1−
N(t)

∆F (t)

)

, (6)

where (1−N(t)/F (t)) represents the fraction of the radiative forcing that warms the
surface, rather than the ocean interior.

2.2. Dependence of radiative forcing from atmospheric CO2 on carbon emissions

The dependence of radiative forcing on cumulative carbon emissions, ∆F (t)/Iem(t),
in (3) may be expressed in terms of changes in the radiative forcing on changes in
atmospheric CO2, ∆F (t)/∆Iatmos(t), and the airborne fraction, ∆Iatmos(t)/Iem(t)
(Ehlert et al. 2017),

∆F (t)
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The airborne fraction, ∆Iatmos(t)/Iem(t), is related to the changes in the oceanborne
and landborne fractions (Jones et al. 2013),
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where the changes in the ocean and terrestrial inventories are denoted by ∆Iocean(t)
and ∆Iter(t) respectively.

The sensitivity of the radiative forcing on atmospheric CO2, ∆F (t)/∆Iatmos(t),
saturates with increasing atmospheric CO2, with the radiative forcing represented by
a logarithmic dependence,

∆F (t) = a ln(CO2(t)/CO2(t0)), (9)

where a is a radiative forcing coefficient for CO2 (Myhre et al. 1998) and t0 is the time
of the pre industrial. During emissions, the decrease in the sensitivity of the radiative
forcing on atmospheric CO2, ∆F (t)/∆Iatmos(t), may equivalently be viewed in terms
of the ocean acidifying with increasing atmospheric CO2 and decreasing the amount
of saturated carbon that the ocean can hold (Katavouta et al. 2018).

Next we apply these theoretical relations (3) to (9) to understand how the TCRE
is controlled.

3. Methods

3.1. Models

Our analyses are applied to 9 CMIP6 and 7 CMIP5 models, which have been forced
by an annual 1% rise in atmospheric CO2 for 140 years starting from a pre-industrial
control, following the 1pctCO2 experimental protocol (Table 1).
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Figure 1. Change in global-mean surface air temperature, ∆T (t) in K, versus
change in cumulative carbon emissions, ∆I in PgC, since the pre industrial for
(a) 9 CMIP6 models and (b) 7 CMIP5 models, assuming an annual 1% increase
in atmospheric CO2 and integrated for 140 years.
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Figure 9. (a) Climate feedback parameter, λ in W m−2K−1, diagnosed using
a regression over years 1 to 140 of the 1% annual increase in atmospheric CO2

simulations of 9 CMIP6 (diamonds) and 7 CMIP5 models (circles), decomposed
into contributions from the Planck feedback, changes in the lapse rate (LR),
relative humidity (RH), surface albedo (Alb) and clouds (Cld). The cloud term
is further separated into longwave (LW) and shortwave (SW) contributions. The
sum of the climate feedbacks is given by the net feedback (Net). The residual
misfit is the difference between the net feedback and the sum of the kernel-
decomposed feedbacks, reflecting inaccuracies in the kernel method. (b) Time
evolution of λ, calculated as the difference between λ(140) and λ(70), where λ(70)
is diagnosed using a regression over years 1 to 70 of the experiment and λ(140)
over years 1 to 140. The sign convention is such that positive values for λ in (5)
imply a negative physical feedback acting to oppose surface warming.
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Figure 9. (a) Climate feedback parameter, λ in W m−2K−1, diagnosed using
a regression over years 1 to 140 of the 1% annual increase in atmospheric CO2

simulations of 9 CMIP6 (diamonds) and 7 CMIP5 models (circles), decomposed
into contributions from the Planck feedback, changes in the lapse rate (LR),
relative humidity (RH), surface albedo (Alb) and clouds (Cld). The cloud term
is further separated into longwave (LW) and shortwave (SW) contributions. The
sum of the climate feedbacks is given by the net feedback (Net). The residual
misfit is the difference between the net feedback and the sum of the kernel-
decomposed feedbacks, reflecting inaccuracies in the kernel method. (b) Time
evolution of λ, calculated as the difference between λ(140) and λ(70), where λ(70)
is diagnosed using a regression over years 1 to 70 of the experiment and λ(140)
over years 1 to 140. The sign convention is such that positive values for λ in (5)
imply a negative physical feedback acting to oppose surface warming.
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simulations of 9 CMIP6 (diamonds) and 7 CMIP5 models (circles), decomposed
into contributions from the Planck feedback, changes in the lapse rate (LR),
relative humidity (RH), surface albedo (Alb) and clouds (Cld). The cloud term
is further separated into longwave (LW) and shortwave (SW) contributions. The
sum of the climate feedbacks is given by the net feedback (Net). The residual
misfit is the difference between the net feedback and the sum of the kernel-
decomposed feedbacks, reflecting inaccuracies in the kernel method. (b) Time
evolution of λ, calculated as the difference between λ(140) and λ(70), where λ(70)
is diagnosed using a regression over years 1 to 70 of the experiment and λ(140)
over years 1 to 140. The sign convention is such that positive values for λ in (5)
imply a negative physical feedback acting to oppose surface warming.
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into contributions from the Planck feedback, changes in the lapse rate (LR),
relative humidity (RH), surface albedo (Alb) and clouds (Cld). The cloud term
is further separated into longwave (LW) and shortwave (SW) contributions. The
sum of the climate feedbacks is given by the net feedback (Net). The residual
misfit is the difference between the net feedback and the sum of the kernel-
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imply a negative physical feedback acting to oppose surface warming.
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Figure 1. Change in global-mean surface air temperature, ∆T (t) in K, versus
change in cumulative carbon emissions, ∆I in PgC, since the pre industrial for
(a) 9 CMIP6 models and (b) 7 CMIP5 models, assuming an annual 1% increase
in atmospheric CO2 and integrated for 140 years.
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global-mean, surface air temperature, ∆T (t) in K, relative to the pre industrial divided
by the cumulative carbon emission, Iem(t) in EgC, such that

TCRE ≡

∆T (t)

Iem(t)
. (1)

The TCRE is often viewed in terms of a product of two terms, the change in global-
mean air temperature divided by the change in the atmospheric carbon inventory,
∆Iatmos(t), and the change in the atmospheric carbon inventory divided by the
cumulative carbon emission, ∆Iatmos(t)/Iem(t) (Matthews et al. 2009, Solomon
et al. 2009, Gillett et al. 2013, MacDougall 2016), such that

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

, (2)

where ∆T (t)/∆Iatmos(t) is related to the Transient Climate Response, defined by
the temperature change at the time of doubling of atmospheric CO2 (Matthews
et al. 2009), and ∆Iatmos(t)/Iem(t) defines the airborne fraction.

Alternatively, the TCRE in (2) may be linked to an identity involving a thermal
response to radiative forcing, defined by the change in temperature divided by the
change in radiative forcing, ∆F , and a radiative forcing response to carbon emissions,
defined by the change in radiative forcing divided by the cumulative carbon emissions
(Goodwin et al. 2015, Williams et al. 2016, Williams et al. 2017), such that

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆F (t)

)(

∆F (t)

Iem(t)

)

, (3)

which may be extended by rewriting the radiative forcing dependence to carbon
emissions in terms of the radiative forcing dependence on atmospheric CO2 and the
airborne fraction (Ehlert et al. 2017, Katavouta et al. 2018),

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆F (t)

)(

∆F (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

. (4)

Each of these identities for the TCRE have different potential merits: the first identity
(2) provides a clearer connection to changes in carbon cycling via the airborne fraction,
while the second identity (3) provides a clearer connection to the thermal processes of
climate feedbacks and ocean heat uptake, and to the radiative forcing that depends
upon the change in the logarithm of atmospheric CO2. Here, we focus on the combined
identity for the TCRE (4), including the effects of the thermal response, the radiative
forcing and the airborne fraction.

2.1. Dependence of surface warming on radiative forcing

The increase in radiative forcing, ∆F (t), drives an increase in planetary heat uptake,
N(t), plus a radiative response, ∆R(t), which is assumed to be equivalent to the
product of the increase in global mean, surface air temperature, ∆T (t), and the
climate feedback parameter, λ(t) (Gregory et al. 2004, Knutti & Hegerl 2008, Andrews
et al. 2012, Forster et al. 2013) by

∆F (t) = ∆R(t) +N(t) ≡ λ(t)∆T (t) +N(t), (5)

where N(t) is the planetary heat flux into the climate system, which is dominated by
the heat uptake by the ocean (Church et al. 2011), and ∆F (t) is defined as positive
into the ocean.

dependence of 
surface warming 

on radiative forcing

dependence of 
radiative forcing on 
carbon emissions
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global-mean, surface air temperature, ∆T (t) in K, relative to the pre industrial divided
by the cumulative carbon emission, Iem(t) in EgC, such that

TCRE ≡

∆T (t)

Iem(t)
. (1)

The TCRE is often viewed in terms of a product of two terms, the change in global-
mean air temperature divided by the change in the atmospheric carbon inventory,
∆Iatmos(t), and the change in the atmospheric carbon inventory divided by the
cumulative carbon emission, ∆Iatmos(t)/Iem(t) (Matthews et al. 2009, Solomon
et al. 2009, Gillett et al. 2013, MacDougall 2016), such that

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

, (2)

where ∆T (t)/∆Iatmos(t) is related to the Transient Climate Response, defined by
the temperature change at the time of doubling of atmospheric CO2 (Matthews
et al. 2009), and ∆Iatmos(t)/Iem(t) defines the airborne fraction.

Alternatively, the TCRE in (2) may be linked to an identity involving a thermal
response to radiative forcing, defined by the change in temperature divided by the
change in radiative forcing, ∆F , and a radiative forcing response to carbon emissions,
defined by the change in radiative forcing divided by the cumulative carbon emissions
(Goodwin et al. 2015, Williams et al. 2016, Williams et al. 2017), such that

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆F (t)

)(

∆F (t)

Iem(t)

)

, (3)

which may be extended by rewriting the radiative forcing dependence to carbon
emissions in terms of the radiative forcing dependence on atmospheric CO2 and the
airborne fraction (Ehlert et al. 2017, Katavouta et al. 2018),

TCRE =
∆T (t)

Iem(t)
=

(

∆T (t)

∆F (t)

)(

∆F (t)

∆Iatmos(t)

)(

∆Iatmos(t)

Iem(t)

)

. (4)

Each of these identities for the TCRE have different potential merits: the first identity
(2) provides a clearer connection to changes in carbon cycling via the airborne fraction,
while the second identity (3) provides a clearer connection to the thermal processes of
climate feedbacks and ocean heat uptake, and to the radiative forcing that depends
upon the change in the logarithm of atmospheric CO2. Here, we focus on the combined
identity for the TCRE (4), including the effects of the thermal response, the radiative
forcing and the airborne fraction.

2.1. Dependence of surface warming on radiative forcing

The increase in radiative forcing, ∆F (t), drives an increase in planetary heat uptake,
N(t), plus a radiative response, ∆R(t), which is assumed to be equivalent to the
product of the increase in global mean, surface air temperature, ∆T (t), and the
climate feedback parameter, λ(t) (Gregory et al. 2004, Knutti & Hegerl 2008, Andrews
et al. 2012, Forster et al. 2013) by

∆F (t) = ∆R(t) +N(t) ≡ λ(t)∆T (t) +N(t), (5)

where N(t) is the planetary heat flux into the climate system, which is dominated by
the heat uptake by the ocean (Church et al. 2011), and ∆F (t) is defined as positive
into the ocean.

Controls of the Transient Climate Response to Emissions 15

Table 3. Model mean, intermodel standard deviation and coefficient of variation
for the TCRE and its components for years 120 to 140 for the 9 CMIP6 and
7 CMIP5 Earth system models following a 1% annual increase in atmospheric
CO2. The coefficient of variation is defined by the intermodel standard deviation
divided by the model mean, evaluated at the same time. The individual model
responses are provided in Table S2.

Variable: TCRE ∆T/∆Iatmos ∆T/∆F ∆F/Iem λ−1 (1−N/∆F ) ∆F/∆Iatmos ∆Iatmos/Iem
Units: K EgC−1 K EgC−1 K(Wm−2)−1 (Wm−2)(EgC)−1 K(Wm−2)−1 (Wm−2)(EgC)−1

CMIP6
mean, x 1.64 2.87 0.66 2.54 1.05 0.65 4.44 0.57
std, σx 0.41 0.65 0.20 0.37 0.44 0.07 0.54 0.04
σx/x 0.25 0.23 0.30 0.15 0.41 0.11 0.12 0.07

CMIP5
mean, x 1.75 2.94 0.66 2.71 0.99 0.68 4.55 0.59
std, σx 0.28 0.27 0.10 0.56 0.21 0.05 0.62 0.06
σx/x 0.16 0.09 0.15 0.21 0.21 0.07 0.14 0.10
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change in cloud 
feedback for year 
140 - year 70

Wider range in cloud 
feedbacks for CMIP6 

Intermodel differences in the Transient Climate Response to Emissions for CMIP6 
mainly from the thermal response involving physical feedbacks  


