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Carbon-Climate Interaction 
and  

The Long Tail of CO2 

Please read (from class website): 
 

–  Gregory et al (2009). Quantifying carbon cycle 
feedbacks. Jour. Climate 22: 5232-5250. 
 

–  Archer and Brovkin (2008). Millennial atmospheric 
lifetime of anthropogenic CO2. Climatic Change 
90:283-297. 

Planetary Energy Balance 

Energy In = Energy Out 
2 2 4(1 ) 4S R R Tα π π σ− =

o18 CT ≈ −

But the observed Ts is about 15° C 

Earth’s Climate  
as a “Black Box” 
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“Let’s do the math …” 

S0 (1−α)πr
2 = 4πr2σT 4

T = S0 (1−α)
4σ

%

&'
(

)*

1
4
= F /σ( )1/4

A 1 W m-2 change in absorbed sunshine produces 
about a 0.26 °C change in planet’s temperature  

Climate Forcing,  
Response, and Sensitivity 

Baseline Climate Sensitivity 
“Let’s do the math …” 

S0 (1−α)πr
2 = 4πr2σT 4

S0 (1−α)= 4σT
4

F = S0 (1−α)
4

=σT 4

dF
dT

= 4σT 3 ≡ λBB

A new steady state in equilibrium with the forcing is
attained when N 5 0 0 H 5 F. If the climate system
behaved like a blackbody, the system would warm up by
enough to compensate for the forcing, according to the
Stefan–Boltzmann law. The anthropogenic forcings of
relevance to coming centuries would produce global-
mean temperature changes of a few kelvins. Because this
is small compared with the global-mean temperature of
about 255 K required to balance solar irradiance, the
blackbody response can be linearized as HBB 5 lBBT,
with lBB 5 4sSB 2553 5 3.8 W m22 K21, where T is the
change in global-mean temperature with respect to the
unperturbed climate, and sSB is the Stefan–Boltzmann
constant (Hansen et al. 1984).

Results from climate models and analyses of observa-
tions confirm a linear relationship H 5 lT (e.g., Gregory
et al. 2004), but l , lBB; that is, the climate warms up by
more than would be expected from the blackbody re-
sponse. For example, Dufresne and Bony (2008) give
a mean l of 1.3 W m22 K21 and a standard deviation
of 0.3 W m22 K21 from a set of recent AOGCMs.
The constant l is the climate feedback parameter. The
equilibrium climate sensitivity T23 is defined as the
steady-state T for a doubling of the atmospheric CO2

concentration; if the radiative forcing resulting from
2 3 CO2 is F23, then

T23 5
F23

l
. (1)

Taking F23 5 3.7 W m22 [as indicated by Myhre et al.
(1998) and the mean of AOGCMs reported by Forster
and Taylor (2006)], the blackbody response alone would
give T23 5 1.0 K, but AOGCMs, historical records, and
proxy climate evidence indicate that T23 is likely to lie in
the range of 2.0–4.5 K (Meehl et al. 2007).

The reason for the difference between l and lBB is
that various aspects of the climate change that develops
affect the radiative balance; that is, they alter H. Those
usually identified are from changes in water vapor (WV),
tropospheric lapse rate (LR), surface albedo resulting
from ice and snow, and cloud (Hansen et al. 1984; Colman
2003; Randall et al. 2007). Models suggest that their ra-
diative effects are separately proportional to T (Gregory
and Webb 2008). Hence, in a steady state,

F 5 H 5 lT

5 T(lBB 1 lWV 1 lLR 1 lalbedo 1 lcloud 1 ! ! ! ). (2)

The net effect of the nonblackbody terms is to reduce
l, and hence increase the steady-state T 5 F/l. For
instance, lWV , 0, because rising T leads to greater
humidity, and because water vapor is a greenhouse gas,
this inhibits heat loss by the climate system. Likewise,
lalbedo , 0 because higher T reduces the area covered by
ice and snow, reducing the surface albedo and leading to
greater absorption of sunlight. Cloud changes have for
many years been the greatest source of uncertainty in l;

TABLE 2. Summary of main results for climate and carbon response and feedbacks. References are to equation numbers in the text. These
formulas apply to time-dependent change in which constant ocean heat uptake efficiency k is a good approximation.
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Heat balance modified to include ocean heat uptake
and carbon cycle feedback for CO2 emissions

FC(CE) 5 T(r 1 rb 1 rg),

r 5 l 1 k, rb 5 rb, and rg 5 fg
(6), (20)
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Total Climate 
Sensitivity 

•  Radiative forcing is 3.7 W m-2 per doubling of 
CO2 (based on spectroscopy & RT modeling) 

•  “Baseline” sensitivity λBB=3.8 W m-2 K-1,  
so only about 1 K warming per 2 x CO2 

•  But total sensitivity depends on the 
magnitude of climate feedback λ	


A new steady state in equilibrium with the forcing is
attained when N 5 0 0 H 5 F. If the climate system
behaved like a blackbody, the system would warm up by
enough to compensate for the forcing, according to the
Stefan–Boltzmann law. The anthropogenic forcings of
relevance to coming centuries would produce global-
mean temperature changes of a few kelvins. Because this
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about 255 K required to balance solar irradiance, the
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with lBB 5 4sSB 2553 5 3.8 W m22 K21, where T is the
change in global-mean temperature with respect to the
unperturbed climate, and sSB is the Stefan–Boltzmann
constant (Hansen et al. 1984).
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tions confirm a linear relationship H 5 lT (e.g., Gregory
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more than would be expected from the blackbody re-
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a mean l of 1.3 W m22 K21 and a standard deviation
of 0.3 W m22 K21 from a set of recent AOGCMs.
The constant l is the climate feedback parameter. The
equilibrium climate sensitivity T23 is defined as the
steady-state T for a doubling of the atmospheric CO2
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2 3 CO2 is F23, then
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the range of 2.0–4.5 K (Meehl et al. 2007).

The reason for the difference between l and lBB is
that various aspects of the climate change that develops
affect the radiative balance; that is, they alter H. Those
usually identified are from changes in water vapor (WV),
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and Webb 2008). Hence, in a steady state,
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The net effect of the nonblackbody terms is to reduce
l, and hence increase the steady-state T 5 F/l. For
instance, lWV , 0, because rising T leads to greater
humidity, and because water vapor is a greenhouse gas,
this inhibits heat loss by the climate system. Likewise,
lalbedo , 0 because higher T reduces the area covered by
ice and snow, reducing the surface albedo and leading to
greater absorption of sunlight. Cloud changes have for
many years been the greatest source of uncertainty in l;
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A new steady state in equilibrium with the forcing is
attained when N 5 0 0 H 5 F. If the climate system
behaved like a blackbody, the system would warm up by
enough to compensate for the forcing, according to the
Stefan–Boltzmann law. The anthropogenic forcings of
relevance to coming centuries would produce global-
mean temperature changes of a few kelvins. Because this
is small compared with the global-mean temperature of
about 255 K required to balance solar irradiance, the
blackbody response can be linearized as HBB 5 lBBT,
with lBB 5 4sSB 2553 5 3.8 W m22 K21, where T is the
change in global-mean temperature with respect to the
unperturbed climate, and sSB is the Stefan–Boltzmann
constant (Hansen et al. 1984).

Results from climate models and analyses of observa-
tions confirm a linear relationship H 5 lT (e.g., Gregory
et al. 2004), but l , lBB; that is, the climate warms up by
more than would be expected from the blackbody re-
sponse. For example, Dufresne and Bony (2008) give
a mean l of 1.3 W m22 K21 and a standard deviation
of 0.3 W m22 K21 from a set of recent AOGCMs.
The constant l is the climate feedback parameter. The
equilibrium climate sensitivity T23 is defined as the
steady-state T for a doubling of the atmospheric CO2

concentration; if the radiative forcing resulting from
2 3 CO2 is F23, then

T23 5
F23

l
. (1)

Taking F23 5 3.7 W m22 [as indicated by Myhre et al.
(1998) and the mean of AOGCMs reported by Forster
and Taylor (2006)], the blackbody response alone would
give T23 5 1.0 K, but AOGCMs, historical records, and
proxy climate evidence indicate that T23 is likely to lie in
the range of 2.0–4.5 K (Meehl et al. 2007).

The reason for the difference between l and lBB is
that various aspects of the climate change that develops
affect the radiative balance; that is, they alter H. Those
usually identified are from changes in water vapor (WV),
tropospheric lapse rate (LR), surface albedo resulting
from ice and snow, and cloud (Hansen et al. 1984; Colman
2003; Randall et al. 2007). Models suggest that their ra-
diative effects are separately proportional to T (Gregory
and Webb 2008). Hence, in a steady state,

F 5 H 5 lT

5 T(lBB 1 lWV 1 lLR 1 lalbedo 1 lcloud 1 ! ! ! ). (2)

The net effect of the nonblackbody terms is to reduce
l, and hence increase the steady-state T 5 F/l. For
instance, lWV , 0, because rising T leads to greater
humidity, and because water vapor is a greenhouse gas,
this inhibits heat loss by the climate system. Likewise,
lalbedo , 0 because higher T reduces the area covered by
ice and snow, reducing the surface albedo and leading to
greater absorption of sunlight. Cloud changes have for
many years been the greatest source of uncertainty in l;
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Learning from the Past 
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Estimating Total Climate Sensitivity 
•  At the Last Glacial Maximum  

(~ 18k years ago) surface temp ~ 5 K colder 

•  CO2 was ~ 180 ppm  
(weaker greenhouse, 3.7 W m-2 more OLR) 

•  Brighter surface due to snow and ice, 
therefore 3.4 W m-2 more reflected solar  

Almost 3x as sensitive as suggested by Stefan-Boltzmann alone … 
Other feedbacks must be going on as well 

ΔTS
ΔF

=
TS (now)−TS (then)
F(now)−F(then)

=
5K

(3.7+ 3.4)Wm−2 = 0.70
K

Wm−2

Deglaciation Analog 
•  Warming after last glacial maximum ~ 5 K 

•  Climate forcing ~ 7 W m-2 

•  Total climate sensitivity (including 
feedback) about 1.42 K (W m-2)-1 

λ ≡
ΔF
ΔT

=
1

0.7 K /(Wm−2 )
=1.4Wm−2 K −1

ΔT2x =
ΔF2x
λ

=
3.7Wm−2

1.4Wm−2 K −1 = 2.6K

Reconstructed  
Radiative Forcings 

0.9 W m-2 

Tambora 
“year w/out 
a summer” 

1
8

1
6

 

1
9

9
1

 

Pinatubo 

0.5 

http://commons.wikimedia.org/wiki/File:2000_Year_Temperature_Comparison.png 

The Past 2000 Years 

0
.8

 K
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Second Millennium Analog 
•  Cooling from Medieval 

Warm Period to  
Little Ice Age ~ 0.8 K 

•  Solar forcing ~ 0.9 W m-2 

(somewhat complicated  
by volcanic forcing)  

ΔT2x =
ΔF2x
λ

=
3.7Wm−2

1.1Wm−2 K −1 = 3.4K

Total climate sensitivity (including feedback) 

  λ ~ 1.1 K (W m-2)-1 

Volcanic Analog 
•  Cooling following eruption of  

Mount Pinatubo in 1991 ~ 0.6 K 

•  Volcanic forcing ~ 0.5 W m-2  

•  Total climate sensitivity  
(including only “fast” feedback)  

ΔT2x =
ΔF2x
λ

=
3.7Wm−2

1.2Wm−2 K −1 = 3.1K

Total climate sensitivity (including feedback) 

  λ ~ 1.2 K (W m-2)-1 

Comparison of  
Current Radiative Forcings 

Climate Feedback Processes 

•  Positive Feedbacks 
(amplify changes) 
–  Water vapor 
–  Ice-albedo 

–  High clouds 

ΔF ΔTS Δvapor 

Δ albedo 

Δ LW 

Δ hi cloud 

Δ lo cloud 

•  Negative feedbacks 
(damp changes) 
–  Longwave cooling 
–  Low clouds 

F = λT =T (λBB +λalbedo +λvapor +λcloud + ...)
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Climate Feedback 

•  Feedback processes are additive 

•  Each process can be seen as adding to or 
subtracting from the “original” forcing 

•  λ < 0 is a “positive feedback” (adds to F) 

•  λ > 0 is a “negative feedback”  
(subtracts from F) 

their net effect might be of either sign (Randall et al.
2007; Soden et al. 2008).

The original interpretation of the heat balance, which
we refer to as the gain interpretation, regards the black-
body response as basic, or leading to a basic temperature
response F/lBB. In the gain interpretation the modifica-
tions to H by the other processes augment the F that is
being resisted by the blackbody response; thus,

lBBT 5 F 1 !
i 6¼BB

("liT).

This rearrangement of the heat balance is the reason
why the nonblackbody effects are usually called feed-
backs; they feed back on T by modifying F.

Let us number the contributions to l as i 5 0, 1, . . . .
We designate lBB as l0. With the feedback idea, it is
natural to write yi [ 2li for i . 0, because positive yi

means positive feedback. Positive feedbacks are those
which increase T for a positive F, for example, water
vapor feedback yWV 5 2lWV . 0. Then,

l0T 5 F 1 !
i.0

yiT 0F 5 T(l0 " y),

y 5 !
i.0

yi 5"!
i.0

li, (3)

so

T 5
F

l0 " y
5

F/l0

1" y/l0

.

Hence, the actual response T is a multiple of the basic
response (without feedback) TBB 5 T0 [ F/l0, and thus

T 5 GTT0 GT 5
1

1" gT

gT [
y

l0

5!
i.0

yi

l0

5!
i.0

("li)

l0

,

(4)

where GT is the climate feedback factor and gT is
the gain factor (GT and gT are dimensionless) (Hansen
et al. 1984). The net feedback y is positive, so gT . 0 and
G . 1. Roe and Baker (2007) note that Hansen et al.
(1984) reversed the definition of feedback factor and
gain with respect to their meanings in electronics. We
are using the terms in the sense of Hansen et al. (1984)
and the majority of climate literature.

An alternative way to arrive at this result is to consider
the situation as a feedback loop. The imposed forcing F
initially causes a response T0 5 F/l0, which augments
the effective forcing by yT0 5 Fy/l0 5 gTF to (1 1 gT)F.
The response to this will be (1 1 gT)T0, further aug-
menting the effective forcing to F 1 y(1 1 gT)T0 5 (1 1
gT 1 gT

2)F and the response to (1 1 gT 1 gT
2)T0, and so

on. Because the feedback processes operate rapidly, the
result is the sum of the geometric progression

T 5 T0 !
‘

j50
g j

T 5
T0

1" gT

5 GTT0, (5)

as before.
In Eq. (2) the terms all have the same form. Each is an

independent radiative response of the climate system
[although actually they are not entirely independent;
e.g., see Randall et al. (2007) and Soden et al. (2008)].
Their net effect H tends to resist the imposed F, and they
increase together with T until H balances F. An analogy
to this ‘‘resistance’’ picture is to consider the forcing F as
a weight hanging on a spring whose consequent exten-
sion is T. Then l is the spring constant (tension per unit
extension). The blackbody response alone is like a stiff
spring with a large spring constant, giving a small ex-
tension to support a given weight. Positive feedbacks
mean the spring is weaker and extends more.

In Eq. (4) the blackbody response has a special status,
which is somewhat arbitrary and artificial, because it is
hard to isolate and quantify this effect within the com-
plexity of the climate response to forcing, and it has
limited practical relevance. Another drawback with the
gain interpretation of heat balance is that the terms are
not additive in their effect on T, because their sum ap-
pears in the denominator of G. If the processes are
added one by one to Eq. (4), and T is evaluated each
time, with T0 being the response resulting from all of the
processes already considered, a G 5 T/T0 can be as-
signed to each process; however, owing to the nonlinear
combination, these results depend on the order in which
the processes are included.

In an unsteady state, N 5 F 2 H 6¼ 0. In scenarios of
fairly steadily increasing radiative forcing, such as the
Special Report on Emissions Scenarios (SRES) A2 sce-
nario (Nakićenović et al. 2000) followed by Friedlingstein
et al. (2006), we can approximate N 5 kT, where k is
a constant ocean heat uptake efficiency (W m22 K21;
Gregory and Mitchell 1997; Dufresne and Bony 2008;
Gregory and Forster 2008). This approximation works
because the surface climate, which has only a small heat
capacity, loses heat into the deeper ocean, which acts
as a heat sink in an analogous way to its extra heat loss
lT to space (Gregory 2000). It becomes less accurate
as the deeper ocean warms up, and it is inapplicable
to scenarios in which forcing tends to stabilize and
N / 0. When the approximation holds, Eq. (2) can be
replaced by

F 5 H 1 N 5 T(l 1 k).
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F = λT =T (λBB +λalbedo +λvapor +λcloud + ...)

“Climate Gain” 

•  y is a combined feedback parameter,  
with sign opposite of λ  
 

•  GT is the “gain” after feedbacks take effect 

their net effect might be of either sign (Randall et al.
2007; Soden et al. 2008).

The original interpretation of the heat balance, which
we refer to as the gain interpretation, regards the black-
body response as basic, or leading to a basic temperature
response F/lBB. In the gain interpretation the modifica-
tions to H by the other processes augment the F that is
being resisted by the blackbody response; thus,

lBBT 5 F 1 !
i 6¼BB

("liT).

This rearrangement of the heat balance is the reason
why the nonblackbody effects are usually called feed-
backs; they feed back on T by modifying F.

Let us number the contributions to l as i 5 0, 1, . . . .
We designate lBB as l0. With the feedback idea, it is
natural to write yi [ 2li for i . 0, because positive yi

means positive feedback. Positive feedbacks are those
which increase T for a positive F, for example, water
vapor feedback yWV 5 2lWV . 0. Then,

l0T 5 F 1 !
i.0

yiT 0F 5 T(l0 " y),

y 5 !
i.0

yi 5"!
i.0

li, (3)

so

T 5
F

l0 " y
5

F/l0

1" y/l0

.

Hence, the actual response T is a multiple of the basic
response (without feedback) TBB 5 T0 [ F/l0, and thus

T 5 GTT0 GT 5
1
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gT [
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yi
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,

(4)

where GT is the climate feedback factor and gT is
the gain factor (GT and gT are dimensionless) (Hansen
et al. 1984). The net feedback y is positive, so gT . 0 and
G . 1. Roe and Baker (2007) note that Hansen et al.
(1984) reversed the definition of feedback factor and
gain with respect to their meanings in electronics. We
are using the terms in the sense of Hansen et al. (1984)
and the majority of climate literature.

An alternative way to arrive at this result is to consider
the situation as a feedback loop. The imposed forcing F
initially causes a response T0 5 F/l0, which augments
the effective forcing by yT0 5 Fy/l0 5 gTF to (1 1 gT)F.
The response to this will be (1 1 gT)T0, further aug-
menting the effective forcing to F 1 y(1 1 gT)T0 5 (1 1
gT 1 gT

2)F and the response to (1 1 gT 1 gT
2)T0, and so

on. Because the feedback processes operate rapidly, the
result is the sum of the geometric progression

T 5 T0 !
‘

j50
g j

T 5
T0

1" gT

5 GTT0, (5)

as before.
In Eq. (2) the terms all have the same form. Each is an

independent radiative response of the climate system
[although actually they are not entirely independent;
e.g., see Randall et al. (2007) and Soden et al. (2008)].
Their net effect H tends to resist the imposed F, and they
increase together with T until H balances F. An analogy
to this ‘‘resistance’’ picture is to consider the forcing F as
a weight hanging on a spring whose consequent exten-
sion is T. Then l is the spring constant (tension per unit
extension). The blackbody response alone is like a stiff
spring with a large spring constant, giving a small ex-
tension to support a given weight. Positive feedbacks
mean the spring is weaker and extends more.

In Eq. (4) the blackbody response has a special status,
which is somewhat arbitrary and artificial, because it is
hard to isolate and quantify this effect within the com-
plexity of the climate response to forcing, and it has
limited practical relevance. Another drawback with the
gain interpretation of heat balance is that the terms are
not additive in their effect on T, because their sum ap-
pears in the denominator of G. If the processes are
added one by one to Eq. (4), and T is evaluated each
time, with T0 being the response resulting from all of the
processes already considered, a G 5 T/T0 can be as-
signed to each process; however, owing to the nonlinear
combination, these results depend on the order in which
the processes are included.

In an unsteady state, N 5 F 2 H 6¼ 0. In scenarios of
fairly steadily increasing radiative forcing, such as the
Special Report on Emissions Scenarios (SRES) A2 sce-
nario (Nakićenović et al. 2000) followed by Friedlingstein
et al. (2006), we can approximate N 5 kT, where k is
a constant ocean heat uptake efficiency (W m22 K21;
Gregory and Mitchell 1997; Dufresne and Bony 2008;
Gregory and Forster 2008). This approximation works
because the surface climate, which has only a small heat
capacity, loses heat into the deeper ocean, which acts
as a heat sink in an analogous way to its extra heat loss
lT to space (Gregory 2000). It becomes less accurate
as the deeper ocean warms up, and it is inapplicable
to scenarios in which forcing tends to stabilize and
N / 0. When the approximation holds, Eq. (2) can be
replaced by

F 5 H 1 N 5 T(l 1 k).
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their net effect might be of either sign (Randall et al.
2007; Soden et al. 2008).

The original interpretation of the heat balance, which
we refer to as the gain interpretation, regards the black-
body response as basic, or leading to a basic temperature
response F/lBB. In the gain interpretation the modifica-
tions to H by the other processes augment the F that is
being resisted by the blackbody response; thus,

lBBT 5 F 1 !
i 6¼BB

("liT).

This rearrangement of the heat balance is the reason
why the nonblackbody effects are usually called feed-
backs; they feed back on T by modifying F.

Let us number the contributions to l as i 5 0, 1, . . . .
We designate lBB as l0. With the feedback idea, it is
natural to write yi [ 2li for i . 0, because positive yi

means positive feedback. Positive feedbacks are those
which increase T for a positive F, for example, water
vapor feedback yWV 5 2lWV . 0. Then,
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where GT is the climate feedback factor and gT is
the gain factor (GT and gT are dimensionless) (Hansen
et al. 1984). The net feedback y is positive, so gT . 0 and
G . 1. Roe and Baker (2007) note that Hansen et al.
(1984) reversed the definition of feedback factor and
gain with respect to their meanings in electronics. We
are using the terms in the sense of Hansen et al. (1984)
and the majority of climate literature.

An alternative way to arrive at this result is to consider
the situation as a feedback loop. The imposed forcing F
initially causes a response T0 5 F/l0, which augments
the effective forcing by yT0 5 Fy/l0 5 gTF to (1 1 gT)F.
The response to this will be (1 1 gT)T0, further aug-
menting the effective forcing to F 1 y(1 1 gT)T0 5 (1 1
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as before.
In Eq. (2) the terms all have the same form. Each is an

independent radiative response of the climate system
[although actually they are not entirely independent;
e.g., see Randall et al. (2007) and Soden et al. (2008)].
Their net effect H tends to resist the imposed F, and they
increase together with T until H balances F. An analogy
to this ‘‘resistance’’ picture is to consider the forcing F as
a weight hanging on a spring whose consequent exten-
sion is T. Then l is the spring constant (tension per unit
extension). The blackbody response alone is like a stiff
spring with a large spring constant, giving a small ex-
tension to support a given weight. Positive feedbacks
mean the spring is weaker and extends more.

In Eq. (4) the blackbody response has a special status,
which is somewhat arbitrary and artificial, because it is
hard to isolate and quantify this effect within the com-
plexity of the climate response to forcing, and it has
limited practical relevance. Another drawback with the
gain interpretation of heat balance is that the terms are
not additive in their effect on T, because their sum ap-
pears in the denominator of G. If the processes are
added one by one to Eq. (4), and T is evaluated each
time, with T0 being the response resulting from all of the
processes already considered, a G 5 T/T0 can be as-
signed to each process; however, owing to the nonlinear
combination, these results depend on the order in which
the processes are included.

In an unsteady state, N 5 F 2 H 6¼ 0. In scenarios of
fairly steadily increasing radiative forcing, such as the
Special Report on Emissions Scenarios (SRES) A2 sce-
nario (Nakićenović et al. 2000) followed by Friedlingstein
et al. (2006), we can approximate N 5 kT, where k is
a constant ocean heat uptake efficiency (W m22 K21;
Gregory and Mitchell 1997; Dufresne and Bony 2008;
Gregory and Forster 2008). This approximation works
because the surface climate, which has only a small heat
capacity, loses heat into the deeper ocean, which acts
as a heat sink in an analogous way to its extra heat loss
lT to space (Gregory 2000). It becomes less accurate
as the deeper ocean warms up, and it is inapplicable
to scenarios in which forcing tends to stabilize and
N / 0. When the approximation holds, Eq. (2) can be
replaced by
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Climate Sensitivity: 
Forcing, Feedback, and Response 

•  Eventual response is amplified (or damped)  
by the gain factor GT 

•  Response may be slow because of thermal 
inertia (heat capacity and slow transport) 
associated with oceans and ice sheets 

•  ρ combines feedback and inertia at a 
particular time during warming 
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tions to H by the other processes augment the F that is
being resisted by the blackbody response; thus,
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This rearrangement of the heat balance is the reason
why the nonblackbody effects are usually called feed-
backs; they feed back on T by modifying F.
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We designate lBB as l0. With the feedback idea, it is
natural to write yi [ 2li for i . 0, because positive yi
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where GT is the climate feedback factor and gT is
the gain factor (GT and gT are dimensionless) (Hansen
et al. 1984). The net feedback y is positive, so gT . 0 and
G . 1. Roe and Baker (2007) note that Hansen et al.
(1984) reversed the definition of feedback factor and
gain with respect to their meanings in electronics. We
are using the terms in the sense of Hansen et al. (1984)
and the majority of climate literature.

An alternative way to arrive at this result is to consider
the situation as a feedback loop. The imposed forcing F
initially causes a response T0 5 F/l0, which augments
the effective forcing by yT0 5 Fy/l0 5 gTF to (1 1 gT)F.
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In Eq. (2) the terms all have the same form. Each is an

independent radiative response of the climate system
[although actually they are not entirely independent;
e.g., see Randall et al. (2007) and Soden et al. (2008)].
Their net effect H tends to resist the imposed F, and they
increase together with T until H balances F. An analogy
to this ‘‘resistance’’ picture is to consider the forcing F as
a weight hanging on a spring whose consequent exten-
sion is T. Then l is the spring constant (tension per unit
extension). The blackbody response alone is like a stiff
spring with a large spring constant, giving a small ex-
tension to support a given weight. Positive feedbacks
mean the spring is weaker and extends more.

In Eq. (4) the blackbody response has a special status,
which is somewhat arbitrary and artificial, because it is
hard to isolate and quantify this effect within the com-
plexity of the climate response to forcing, and it has
limited practical relevance. Another drawback with the
gain interpretation of heat balance is that the terms are
not additive in their effect on T, because their sum ap-
pears in the denominator of G. If the processes are
added one by one to Eq. (4), and T is evaluated each
time, with T0 being the response resulting from all of the
processes already considered, a G 5 T/T0 can be as-
signed to each process; however, owing to the nonlinear
combination, these results depend on the order in which
the processes are included.

In an unsteady state, N 5 F 2 H 6¼ 0. In scenarios of
fairly steadily increasing radiative forcing, such as the
Special Report on Emissions Scenarios (SRES) A2 sce-
nario (Nakićenović et al. 2000) followed by Friedlingstein
et al. (2006), we can approximate N 5 kT, where k is
a constant ocean heat uptake efficiency (W m22 K21;
Gregory and Mitchell 1997; Dufresne and Bony 2008;
Gregory and Forster 2008). This approximation works
because the surface climate, which has only a small heat
capacity, loses heat into the deeper ocean, which acts
as a heat sink in an analogous way to its extra heat loss
lT to space (Gregory 2000). It becomes less accurate
as the deeper ocean warms up, and it is inapplicable
to scenarios in which forcing tends to stabilize and
N / 0. When the approximation holds, Eq. (2) can be
replaced by
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We can write this as

F 5 rT r 5 l 1 k 5! li 1 k, (6)

where r is the climate resistance (W m22 K21; Gregory
and Forster 2008), and k(.0) can be treated as if it were
a negative climate feedback (a positive li). Because Eq. (6)
has the same form as Eq. (2) (F 5 lT), the steady-state
formalism can be applied to time-dependent simulations
in which a constant r is a good approximation, by re-
placing l with r in the relevant formulas. In other situ-
ations, where N is not proportional to T, the formalism
cannot be applied.

3. Coupling of carbon cycle and climate

The carbon cycle is so called because it involves a flux
of carbon through various stores, with the total mass of
carbon in the unperturbed system remaining fixed. On
centennial time scales, the storage of carbon in rocks and
sediments changes little, and the relevant stores are in
the atmosphere, the terrestrial biota, the organic carbon
in the soil, and in the ocean as dissolved and particulate
organic and inorganic compounds and marine biota. An-
thropogenic emissions of carbon dioxide from fossil fuels
add initially to the carbon content of the atmosphere,
but this carbon is subsequently repartitioned among the
stores, so the effect is to increase the total mass of car-
bon in the system. For simplicity we neglect anthropo-
genic emissions of fossil methane in this argument.

We consider changes of mass of carbon (gigatons of
carbon; GtC) in the system relative to its unperturbed
preindustrial state. Let CE be the increment resulting
from anthropogenic carbon emissions, that is, the time
integral of the emitted flux since the start of industrial-
ization. This must be equal to the sum of changes in the
stores

CE 5 C 1 CL 1 CO, (7)

where C is the change in atmospheric carbon content, CL is
the change in carbon storage on land (L for land), and CO

the change in carbon storage in the ocean (O for ocean).
In the Coupled Climate–Carbon Cycle Model Inter-

comparison Project (C4MIP), Friedlingstein et al. (2006)
carried out an analysis of the changes in the carbon cycle
simulated by a set of earth system models in response to
the SRES A2 scenario of anthropogenic CO2 emissions
(from fossil fuels and land use change) during the twenty-
first century (omitting non-CO2 anthropogenic emis-
sions). Some of the models were AOGCMs coupled to
models of the terrestrial biosphere and marine biogeo-
chemistry, and others were earth system models of in-

termediate complexity (EMICs). The formalism used by
Friedlingstein et al. for their analysis of the results im-
plies various simplifying assumptions, which we now
describe, that are not made in the models themselves.
Through most of this work we follow these same as-
sumptions, while in section 6 we examine their validity.

Following Friedlingstein et al. (2003), Friedlingstein
et al. (2006) assume that the simulated changes in land
and ocean stores can be approximated as a linear com-
bination of effects resulting from the change in atmo-
spheric CO2 concentration, and effects resulting from
climate change. Thus, CL 5 CLb 1 CLg and CO 5 COb 1
COg, where the final b and g subscripts (chosen for
consistency with later notation) denote these two classes
of effect. We call these classes the concentration (i.e.,
biogeochemical) and climate effects of CO2. The dom-
inant contribution to CLb is carbon fertilization (a
positive term, resulting from the stimulation of photo-
synthesis by elevated CO2 concentration). The term CLg

represents the effect of climate change, mainly through
temperature and precipitation change, on photosyn-
thesis, plant respiration, soil respiration, and the abun-
dance and distribution of vegetation (terms of both
signs, whose sum is found to be negative during the
twenty-first century by all C4MIP models). The term
COb is principally the increased dissolution of carbon
dioxide in the ocean to maintain equilibrium with the
atmospheric concentration (a positive term). The term
COg is predominantly the reduction of vertical transport
in the ocean resulting from increased stability and re-
duced solubility in warmer water (both negative); in
current models, change in marine biological productivity
is relatively unimportant.

For simplicity we aggregate terrestrial and marine stores
and write

CE 5 C 1 Cb 1 Cg, (8)

where Cb 5 CLb 1 COb and Cg 5 CLg 1 COg. Up to the
present time, and in the C4MIP future simulations, an
increase of atmospheric CO2 concentration causes the
terrestrial and marine stores to take up some carbon
(Cb . 0), but the net climate effect on the stores is
to cause carbon to be released (Cg , 0). Overall, Cg 1
Cb . 0 0 C , CE; that is, some of the emitted fossil
carbon is stored (see section 4).

Friedlingstein et al. (2006) further assume that Cb is
proportional to the change in atmospheric CO2 content
C, while Cg is proportional to the change in global-mean
surface air temperature T. As well as linear proportion-
ality, these statements imply instantaneous balance of
stores with the current state of the system; there is no
explicit dependence on history. Following Friedlingstein
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UMD) simulate a sink/source transition for the land
carbon flux. The source arising in the UMD simulation
is mainly due to the fact that this model already simu-
lates a very weak land carbon uptake in the uncoupled

simulation (uptake of 0.3 GtC yr!1 for the 1990s and 1
GtC yr!1 by 2100). These two models are also the ones
that simulate the larger atmospheric CO2 concentration
by 2100, as the land is a source of CO2 at that time. This

FIG. 1. (a) Atmospheric CO2 for the coupled simulations (ppm) as simulated by the HadCM3LC (solid black),
IPSL-CM2C (solid red), IPSL-CM4-LOOP (solid yellow), CSM-1 (solid green), MPI (solid dark blue), LLNL
(solid light blue), FRCGC (solid purple), UMD (dash black), UVic-2.7 (dash red), CLIMBER (dash green), and
BERN-CC (dash blue). (b) Atmospheric CO2 difference between the coupled and uncoupled simulations (ppm).
(c) Land carbon fluxes for the coupled runs (GtC yr!1). (d) Differences between coupled and uncoupled land
carbon fluxes (GtC yr!1). (e), (f) Same as (c), (d), respectively, for the ocean carbon fluxes.
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Coupled Carbon Cycle Climate 
Model Intercomaprison Project 

(C4MIP)  

•  All run from 1850-2100 forced by identical 
fossil fuel emissions (IPCC SRES scenario A2) 

•  Huge differences in behavior of  land and 
ocean carbon cycles! 

•  Some tradeoffs between land and ocean 

•  Identical emissions produce 300 ppm 
difference in CO2 by 2100 due to differences 
in carbon cycle behavior! 

11 different 
climate models 
also including 

land and ocean 
carbon 
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We can write this as

F 5 rT r 5 l 1 k 5! li 1 k, (6)

where r is the climate resistance (W m22 K21; Gregory
and Forster 2008), and k(.0) can be treated as if it were
a negative climate feedback (a positive li). Because Eq. (6)
has the same form as Eq. (2) (F 5 lT), the steady-state
formalism can be applied to time-dependent simulations
in which a constant r is a good approximation, by re-
placing l with r in the relevant formulas. In other situ-
ations, where N is not proportional to T, the formalism
cannot be applied.

3. Coupling of carbon cycle and climate

The carbon cycle is so called because it involves a flux
of carbon through various stores, with the total mass of
carbon in the unperturbed system remaining fixed. On
centennial time scales, the storage of carbon in rocks and
sediments changes little, and the relevant stores are in
the atmosphere, the terrestrial biota, the organic carbon
in the soil, and in the ocean as dissolved and particulate
organic and inorganic compounds and marine biota. An-
thropogenic emissions of carbon dioxide from fossil fuels
add initially to the carbon content of the atmosphere,
but this carbon is subsequently repartitioned among the
stores, so the effect is to increase the total mass of car-
bon in the system. For simplicity we neglect anthropo-
genic emissions of fossil methane in this argument.

We consider changes of mass of carbon (gigatons of
carbon; GtC) in the system relative to its unperturbed
preindustrial state. Let CE be the increment resulting
from anthropogenic carbon emissions, that is, the time
integral of the emitted flux since the start of industrial-
ization. This must be equal to the sum of changes in the
stores

CE 5 C 1 CL 1 CO, (7)

where C is the change in atmospheric carbon content, CL is
the change in carbon storage on land (L for land), and CO

the change in carbon storage in the ocean (O for ocean).
In the Coupled Climate–Carbon Cycle Model Inter-

comparison Project (C4MIP), Friedlingstein et al. (2006)
carried out an analysis of the changes in the carbon cycle
simulated by a set of earth system models in response to
the SRES A2 scenario of anthropogenic CO2 emissions
(from fossil fuels and land use change) during the twenty-
first century (omitting non-CO2 anthropogenic emis-
sions). Some of the models were AOGCMs coupled to
models of the terrestrial biosphere and marine biogeo-
chemistry, and others were earth system models of in-

termediate complexity (EMICs). The formalism used by
Friedlingstein et al. for their analysis of the results im-
plies various simplifying assumptions, which we now
describe, that are not made in the models themselves.
Through most of this work we follow these same as-
sumptions, while in section 6 we examine their validity.

Following Friedlingstein et al. (2003), Friedlingstein
et al. (2006) assume that the simulated changes in land
and ocean stores can be approximated as a linear com-
bination of effects resulting from the change in atmo-
spheric CO2 concentration, and effects resulting from
climate change. Thus, CL 5 CLb 1 CLg and CO 5 COb 1
COg, where the final b and g subscripts (chosen for
consistency with later notation) denote these two classes
of effect. We call these classes the concentration (i.e.,
biogeochemical) and climate effects of CO2. The dom-
inant contribution to CLb is carbon fertilization (a
positive term, resulting from the stimulation of photo-
synthesis by elevated CO2 concentration). The term CLg

represents the effect of climate change, mainly through
temperature and precipitation change, on photosyn-
thesis, plant respiration, soil respiration, and the abun-
dance and distribution of vegetation (terms of both
signs, whose sum is found to be negative during the
twenty-first century by all C4MIP models). The term
COb is principally the increased dissolution of carbon
dioxide in the ocean to maintain equilibrium with the
atmospheric concentration (a positive term). The term
COg is predominantly the reduction of vertical transport
in the ocean resulting from increased stability and re-
duced solubility in warmer water (both negative); in
current models, change in marine biological productivity
is relatively unimportant.

For simplicity we aggregate terrestrial and marine stores
and write

CE 5 C 1 Cb 1 Cg, (8)

where Cb 5 CLb 1 COb and Cg 5 CLg 1 COg. Up to the
present time, and in the C4MIP future simulations, an
increase of atmospheric CO2 concentration causes the
terrestrial and marine stores to take up some carbon
(Cb . 0), but the net climate effect on the stores is
to cause carbon to be released (Cg , 0). Overall, Cg 1
Cb . 0 0 C , CE; that is, some of the emitted fossil
carbon is stored (see section 4).

Friedlingstein et al. (2006) further assume that Cb is
proportional to the change in atmospheric CO2 content
C, while Cg is proportional to the change in global-mean
surface air temperature T. As well as linear proportion-
ality, these statements imply instantaneous balance of
stores with the current state of the system; there is no
explicit dependence on history. Following Friedlingstein
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We can write this as
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where r is the climate resistance (W m22 K21; Gregory
and Forster 2008), and k(.0) can be treated as if it were
a negative climate feedback (a positive li). Because Eq. (6)
has the same form as Eq. (2) (F 5 lT), the steady-state
formalism can be applied to time-dependent simulations
in which a constant r is a good approximation, by re-
placing l with r in the relevant formulas. In other situ-
ations, where N is not proportional to T, the formalism
cannot be applied.

3. Coupling of carbon cycle and climate

The carbon cycle is so called because it involves a flux
of carbon through various stores, with the total mass of
carbon in the unperturbed system remaining fixed. On
centennial time scales, the storage of carbon in rocks and
sediments changes little, and the relevant stores are in
the atmosphere, the terrestrial biota, the organic carbon
in the soil, and in the ocean as dissolved and particulate
organic and inorganic compounds and marine biota. An-
thropogenic emissions of carbon dioxide from fossil fuels
add initially to the carbon content of the atmosphere,
but this carbon is subsequently repartitioned among the
stores, so the effect is to increase the total mass of car-
bon in the system. For simplicity we neglect anthropo-
genic emissions of fossil methane in this argument.
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carbon; GtC) in the system relative to its unperturbed
preindustrial state. Let CE be the increment resulting
from anthropogenic carbon emissions, that is, the time
integral of the emitted flux since the start of industrial-
ization. This must be equal to the sum of changes in the
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where C is the change in atmospheric carbon content, CL is
the change in carbon storage on land (L for land), and CO

the change in carbon storage in the ocean (O for ocean).
In the Coupled Climate–Carbon Cycle Model Inter-

comparison Project (C4MIP), Friedlingstein et al. (2006)
carried out an analysis of the changes in the carbon cycle
simulated by a set of earth system models in response to
the SRES A2 scenario of anthropogenic CO2 emissions
(from fossil fuels and land use change) during the twenty-
first century (omitting non-CO2 anthropogenic emis-
sions). Some of the models were AOGCMs coupled to
models of the terrestrial biosphere and marine biogeo-
chemistry, and others were earth system models of in-

termediate complexity (EMICs). The formalism used by
Friedlingstein et al. for their analysis of the results im-
plies various simplifying assumptions, which we now
describe, that are not made in the models themselves.
Through most of this work we follow these same as-
sumptions, while in section 6 we examine their validity.

Following Friedlingstein et al. (2003), Friedlingstein
et al. (2006) assume that the simulated changes in land
and ocean stores can be approximated as a linear com-
bination of effects resulting from the change in atmo-
spheric CO2 concentration, and effects resulting from
climate change. Thus, CL 5 CLb 1 CLg and CO 5 COb 1
COg, where the final b and g subscripts (chosen for
consistency with later notation) denote these two classes
of effect. We call these classes the concentration (i.e.,
biogeochemical) and climate effects of CO2. The dom-
inant contribution to CLb is carbon fertilization (a
positive term, resulting from the stimulation of photo-
synthesis by elevated CO2 concentration). The term CLg

represents the effect of climate change, mainly through
temperature and precipitation change, on photosyn-
thesis, plant respiration, soil respiration, and the abun-
dance and distribution of vegetation (terms of both
signs, whose sum is found to be negative during the
twenty-first century by all C4MIP models). The term
COb is principally the increased dissolution of carbon
dioxide in the ocean to maintain equilibrium with the
atmospheric concentration (a positive term). The term
COg is predominantly the reduction of vertical transport
in the ocean resulting from increased stability and re-
duced solubility in warmer water (both negative); in
current models, change in marine biological productivity
is relatively unimportant.

For simplicity we aggregate terrestrial and marine stores
and write

CE 5 C 1 Cb 1 Cg, (8)

where Cb 5 CLb 1 COb and Cg 5 CLg 1 COg. Up to the
present time, and in the C4MIP future simulations, an
increase of atmospheric CO2 concentration causes the
terrestrial and marine stores to take up some carbon
(Cb . 0), but the net climate effect on the stores is
to cause carbon to be released (Cg , 0). Overall, Cg 1
Cb . 0 0 C , CE; that is, some of the emitted fossil
carbon is stored (see section 4).

Friedlingstein et al. (2006) further assume that Cb is
proportional to the change in atmospheric CO2 content
C, while Cg is proportional to the change in global-mean
surface air temperature T. As well as linear proportion-
ality, these statements imply instantaneous balance of
stores with the current state of the system; there is no
explicit dependence on history. Following Friedlingstein
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and Forster 2008), and k(.0) can be treated as if it were
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has the same form as Eq. (2) (F 5 lT), the steady-state
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in which a constant r is a good approximation, by re-
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ations, where N is not proportional to T, the formalism
cannot be applied.
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The carbon cycle is so called because it involves a flux
of carbon through various stores, with the total mass of
carbon in the unperturbed system remaining fixed. On
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sediments changes little, and the relevant stores are in
the atmosphere, the terrestrial biota, the organic carbon
in the soil, and in the ocean as dissolved and particulate
organic and inorganic compounds and marine biota. An-
thropogenic emissions of carbon dioxide from fossil fuels
add initially to the carbon content of the atmosphere,
but this carbon is subsequently repartitioned among the
stores, so the effect is to increase the total mass of car-
bon in the system. For simplicity we neglect anthropo-
genic emissions of fossil methane in this argument.

We consider changes of mass of carbon (gigatons of
carbon; GtC) in the system relative to its unperturbed
preindustrial state. Let CE be the increment resulting
from anthropogenic carbon emissions, that is, the time
integral of the emitted flux since the start of industrial-
ization. This must be equal to the sum of changes in the
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where C is the change in atmospheric carbon content, CL is
the change in carbon storage on land (L for land), and CO

the change in carbon storage in the ocean (O for ocean).
In the Coupled Climate–Carbon Cycle Model Inter-

comparison Project (C4MIP), Friedlingstein et al. (2006)
carried out an analysis of the changes in the carbon cycle
simulated by a set of earth system models in response to
the SRES A2 scenario of anthropogenic CO2 emissions
(from fossil fuels and land use change) during the twenty-
first century (omitting non-CO2 anthropogenic emis-
sions). Some of the models were AOGCMs coupled to
models of the terrestrial biosphere and marine biogeo-
chemistry, and others were earth system models of in-

termediate complexity (EMICs). The formalism used by
Friedlingstein et al. for their analysis of the results im-
plies various simplifying assumptions, which we now
describe, that are not made in the models themselves.
Through most of this work we follow these same as-
sumptions, while in section 6 we examine their validity.
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signs, whose sum is found to be negative during the
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COb is principally the increased dissolution of carbon
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in the ocean resulting from increased stability and re-
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is relatively unimportant.

For simplicity we aggregate terrestrial and marine stores
and write
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where Cb 5 CLb 1 COb and Cg 5 CLg 1 COg. Up to the
present time, and in the C4MIP future simulations, an
increase of atmospheric CO2 concentration causes the
terrestrial and marine stores to take up some carbon
(Cb . 0), but the net climate effect on the stores is
to cause carbon to be released (Cg , 0). Overall, Cg 1
Cb . 0 0 C , CE; that is, some of the emitted fossil
carbon is stored (see section 4).

Friedlingstein et al. (2006) further assume that Cb is
proportional to the change in atmospheric CO2 content
C, while Cg is proportional to the change in global-mean
surface air temperature T. As well as linear proportion-
ality, these statements imply instantaneous balance of
stores with the current state of the system; there is no
explicit dependence on history. Following Friedlingstein
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et al. we write Cb 5 bC and Cg 5 gT, where b (GtC
GtC21; i.e., dimensionless) and g (GtC K21) are con-
stants. (Friedlingstein et al. have separate b and g for land
and ocean, which we have aggregated, and they express b
in GtC ppm21.) Following the signs of Cb and Cg, b . 0
and g , 0; hence,

CE 5 C 1 bC 1 gT. (9)

For a steady climate, we have Eq. (2), which we rewrite as

F 5 FC(C) 1 FN 5 lT, (10)

where FC is the radiative forcing resulting from an at-
mospheric CO2 increase, and FN is the sum of all non-
CO2 forcings, which are not affected by the perturbation
to the carbon cycle. For time-dependent change, we can
replace l with r, provided that F 5 rT is a good ap-
proximation, which is the case for scenarios of steadily
increasing forcing (see section 2), and thus we obtain

F 5 FC(C) 1 FN 5 rT. (11)

Equations (9) and (11) constitute a coupled system for
time-dependent responses in T and C to imposed changes
FN and CE.

Anthropogenic land use change, especially defores-
tation, also affects the partition of carbon among the
stores. Its immediate effect is to transfer carbon from CL

to C or vice versa; thus, in Eq. (7) we can count land use
change in CE, even though it is not fossil carbon, if we
conserve carbon by making an equal and opposite
change to CL. The latter cannot be shown in Eq. (8)
because land use change is imposed, rather than being a
response, so it cannot appear in either Cb or Cg. How-
ever, the response of the climate and carbon systems to
the perturbation in C from land use change will be
similar to their response to other C perturbations. It is
therefore acceptable to include net emissions from land
use change in CE only in Eqs. (8) and (9). However, land
use management modifies the nature of the response
of the terrestrial carbon system to atmospheric CO2

change and climate change, so it may make b and g
variable in Eq. (9).

4. Climate change as carbon cycle feedback

The radiative forcing FC is a logarithmic function of
the atmospheric CO2 content C1 1 C, where C1 is a
reference value (Shine et al. 1990). For small C, fol-
lowing Cox et al. (2006), Friedlingstein et al. (2006), and
Scheffer et al. (2006), we approximate it as linear

FC(C) 5 F23

ln[(C1 1 C)/C1]

ln2
’ fC. (12)

For linearization about the present-day C1 5 830 GtC
(corresponding to 390 ppm by volume) f 5 F23/(C1 ln2) 5
0.0064 W m22 GtC21 (0.014 W m22 ppm21; the addi-
tion of 1 GtC to C raises the concentration by 0.47 ppm).
We note that the CO2 perturbations projected for the
twenty-first century are not small, so the linearization is
not accurate. For a doubling of CO2 from the present-
day value, this value for f would give F 5 5.5 W m22,
which is 50% larger than the intended F23. Because
C4MIP followed the A2 scenario, we instead linearize
the forcing over the range of CO2 concentrations from
preindustrial (C1 5 290 ppm) to the end of the twenty-
first century under A2. According to the Bern reference
model used by Cubasch et al. (2001), the latter is C2 5
840 ppm, which is roughly in the middle of the C4MIP
models. Hence, f 5 F23 ln(C2/C1)/ln2/(C2 2 C1) 5
0.0049 W m22 GtC21 (0.010 W m22 ppm21). We should
bear in mind that in effect f decreases as C rises.

We can solve the simultaneous Eqs. (9) and (11) by
eliminating either C or T. Eliminating T we get

FC(C) 1 FN 5 r
CE ! (1 1 b)C

g
.

Using the linear approximation for FC [Eq. (12)] gives

g
r (fC 1 FN) 5 CE ! (1 1 b)C

and hence

CE !
gFN

r 5 C 1 1 b 1
fg
r

! "
. (13)

Henceforth, we consider CO2 emissions only, so FN 5 0
(see appendix A for discussion of non-CO2 forcing).

Equation (13) has the resistance form of Eq. (2) (F 5
T !i li), as applied to the carbon system; the imposed
forcing CE is opposed by a sum of terms (on the right),
each of which is proportional to the change of state C.
We can write it as

CE 5 uC u 5!
i

ui 5 1 1 b 1 ug, (14)

where the carbon response parameter u is analogous to
the climate feedback parameter l, and is the sum of
contributions relating to increased storage in the atmo-
sphere (u0 5 1), the concentration–carbon response pa-
rameter b, and the climate–carbon response parameter
ug 5 fg/r. Because b . 0 and g , 0, the concentration–
carbon term is a negative feedback on increase of C and
the climate–carbon term a positive feedback [by analogy
with Eq. (3), in which negative contributions to l are
positive feedbacks on warming].
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Scheffer et al. (2006), we approximate it as linear
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(corresponding to 390 ppm by volume) f 5 F23/(C1 ln2) 5
0.0064 W m22 GtC21 (0.014 W m22 ppm21; the addi-
tion of 1 GtC to C raises the concentration by 0.47 ppm).
We note that the CO2 perturbations projected for the
twenty-first century are not small, so the linearization is
not accurate. For a doubling of CO2 from the present-
day value, this value for f would give F 5 5.5 W m22,
which is 50% larger than the intended F23. Because
C4MIP followed the A2 scenario, we instead linearize
the forcing over the range of CO2 concentrations from
preindustrial (C1 5 290 ppm) to the end of the twenty-
first century under A2. According to the Bern reference
model used by Cubasch et al. (2001), the latter is C2 5
840 ppm, which is roughly in the middle of the C4MIP
models. Hence, f 5 F23 ln(C2/C1)/ln2/(C2 2 C1) 5
0.0049 W m22 GtC21 (0.010 W m22 ppm21). We should
bear in mind that in effect f decreases as C rises.

We can solve the simultaneous Eqs. (9) and (11) by
eliminating either C or T. Eliminating T we get

FC(C) 1 FN 5 r
CE ! (1 1 b)C

g
.

Using the linear approximation for FC [Eq. (12)] gives

g
r (fC 1 FN) 5 CE ! (1 1 b)C

and hence

CE !
gFN

r 5 C 1 1 b 1
fg
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! "
. (13)

Henceforth, we consider CO2 emissions only, so FN 5 0
(see appendix A for discussion of non-CO2 forcing).

Equation (13) has the resistance form of Eq. (2) (F 5
T !i li), as applied to the carbon system; the imposed
forcing CE is opposed by a sum of terms (on the right),
each of which is proportional to the change of state C.
We can write it as

CE 5 uC u 5!
i

ui 5 1 1 b 1 ug, (14)

where the carbon response parameter u is analogous to
the climate feedback parameter l, and is the sum of
contributions relating to increased storage in the atmo-
sphere (u0 5 1), the concentration–carbon response pa-
rameter b, and the climate–carbon response parameter
ug 5 fg/r. Because b . 0 and g , 0, the concentration–
carbon term is a negative feedback on increase of C and
the climate–carbon term a positive feedback [by analogy
with Eq. (3), in which negative contributions to l are
positive feedbacks on warming].
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and ocean, which we have aggregated, and they express b
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and g , 0; hence,
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F 5 FC(C) 1 FN 5 lT, (10)

where FC is the radiative forcing resulting from an at-
mospheric CO2 increase, and FN is the sum of all non-
CO2 forcings, which are not affected by the perturbation
to the carbon cycle. For time-dependent change, we can
replace l with r, provided that F 5 rT is a good ap-
proximation, which is the case for scenarios of steadily
increasing forcing (see section 2), and thus we obtain

F 5 FC(C) 1 FN 5 rT. (11)

Equations (9) and (11) constitute a coupled system for
time-dependent responses in T and C to imposed changes
FN and CE.

Anthropogenic land use change, especially defores-
tation, also affects the partition of carbon among the
stores. Its immediate effect is to transfer carbon from CL

to C or vice versa; thus, in Eq. (7) we can count land use
change in CE, even though it is not fossil carbon, if we
conserve carbon by making an equal and opposite
change to CL. The latter cannot be shown in Eq. (8)
because land use change is imposed, rather than being a
response, so it cannot appear in either Cb or Cg. How-
ever, the response of the climate and carbon systems to
the perturbation in C from land use change will be
similar to their response to other C perturbations. It is
therefore acceptable to include net emissions from land
use change in CE only in Eqs. (8) and (9). However, land
use management modifies the nature of the response
of the terrestrial carbon system to atmospheric CO2

change and climate change, so it may make b and g
variable in Eq. (9).
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0.0064 W m22 GtC21 (0.014 W m22 ppm21; the addi-
tion of 1 GtC to C raises the concentration by 0.47 ppm).
We note that the CO2 perturbations projected for the
twenty-first century are not small, so the linearization is
not accurate. For a doubling of CO2 from the present-
day value, this value for f would give F 5 5.5 W m22,
which is 50% larger than the intended F23. Because
C4MIP followed the A2 scenario, we instead linearize
the forcing over the range of CO2 concentrations from
preindustrial (C1 5 290 ppm) to the end of the twenty-
first century under A2. According to the Bern reference
model used by Cubasch et al. (2001), the latter is C2 5
840 ppm, which is roughly in the middle of the C4MIP
models. Hence, f 5 F23 ln(C2/C1)/ln2/(C2 2 C1) 5
0.0049 W m22 GtC21 (0.010 W m22 ppm21). We should
bear in mind that in effect f decreases as C rises.
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Henceforth, we consider CO2 emissions only, so FN 5 0
(see appendix A for discussion of non-CO2 forcing).

Equation (13) has the resistance form of Eq. (2) (F 5
T !i li), as applied to the carbon system; the imposed
forcing CE is opposed by a sum of terms (on the right),
each of which is proportional to the change of state C.
We can write it as

CE 5 uC u 5!
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where the carbon response parameter u is analogous to
the climate feedback parameter l, and is the sum of
contributions relating to increased storage in the atmo-
sphere (u0 5 1), the concentration–carbon response pa-
rameter b, and the climate–carbon response parameter
ug 5 fg/r. Because b . 0 and g , 0, the concentration–
carbon term is a negative feedback on increase of C and
the climate–carbon term a positive feedback [by analogy
with Eq. (3), in which negative contributions to l are
positive feedbacks on warming].
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where FC is the radiative forcing resulting from an at-
mospheric CO2 increase, and FN is the sum of all non-
CO2 forcings, which are not affected by the perturbation
to the carbon cycle. For time-dependent change, we can
replace l with r, provided that F 5 rT is a good ap-
proximation, which is the case for scenarios of steadily
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time-dependent responses in T and C to imposed changes
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Anthropogenic land use change, especially defores-
tation, also affects the partition of carbon among the
stores. Its immediate effect is to transfer carbon from CL

to C or vice versa; thus, in Eq. (7) we can count land use
change in CE, even though it is not fossil carbon, if we
conserve carbon by making an equal and opposite
change to CL. The latter cannot be shown in Eq. (8)
because land use change is imposed, rather than being a
response, so it cannot appear in either Cb or Cg. How-
ever, the response of the climate and carbon systems to
the perturbation in C from land use change will be
similar to their response to other C perturbations. It is
therefore acceptable to include net emissions from land
use change in CE only in Eqs. (8) and (9). However, land
use management modifies the nature of the response
of the terrestrial carbon system to atmospheric CO2

change and climate change, so it may make b and g
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The radiative forcing FC is a logarithmic function of
the atmospheric CO2 content C1 1 C, where C1 is a
reference value (Shine et al. 1990). For small C, fol-
lowing Cox et al. (2006), Friedlingstein et al. (2006), and
Scheffer et al. (2006), we approximate it as linear
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ln[(C1 1 C)/C1]
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For linearization about the present-day C1 5 830 GtC
(corresponding to 390 ppm by volume) f 5 F23/(C1 ln2) 5
0.0064 W m22 GtC21 (0.014 W m22 ppm21; the addi-
tion of 1 GtC to C raises the concentration by 0.47 ppm).
We note that the CO2 perturbations projected for the
twenty-first century are not small, so the linearization is
not accurate. For a doubling of CO2 from the present-
day value, this value for f would give F 5 5.5 W m22,
which is 50% larger than the intended F23. Because
C4MIP followed the A2 scenario, we instead linearize
the forcing over the range of CO2 concentrations from
preindustrial (C1 5 290 ppm) to the end of the twenty-
first century under A2. According to the Bern reference
model used by Cubasch et al. (2001), the latter is C2 5
840 ppm, which is roughly in the middle of the C4MIP
models. Hence, f 5 F23 ln(C2/C1)/ln2/(C2 2 C1) 5
0.0049 W m22 GtC21 (0.010 W m22 ppm21). We should
bear in mind that in effect f decreases as C rises.

We can solve the simultaneous Eqs. (9) and (11) by
eliminating either C or T. Eliminating T we get

FC(C) 1 FN 5 r
CE ! (1 1 b)C
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Using the linear approximation for FC [Eq. (12)] gives
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r (fC 1 FN) 5 CE ! (1 1 b)C

and hence
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Henceforth, we consider CO2 emissions only, so FN 5 0
(see appendix A for discussion of non-CO2 forcing).

Equation (13) has the resistance form of Eq. (2) (F 5
T !i li), as applied to the carbon system; the imposed
forcing CE is opposed by a sum of terms (on the right),
each of which is proportional to the change of state C.
We can write it as

CE 5 uC u 5!
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ui 5 1 1 b 1 ug, (14)

where the carbon response parameter u is analogous to
the climate feedback parameter l, and is the sum of
contributions relating to increased storage in the atmo-
sphere (u0 5 1), the concentration–carbon response pa-
rameter b, and the climate–carbon response parameter
ug 5 fg/r. Because b . 0 and g , 0, the concentration–
carbon term is a negative feedback on increase of C and
the climate–carbon term a positive feedback [by analogy
with Eq. (3), in which negative contributions to l are
positive feedbacks on warming].

1 OCTOBER 2009 G R E G O R Y E T A L . 5237

) 

Carbon-Climate  
Forcing and  Feedback 
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GtC21; i.e., dimensionless) and g (GtC K21) are con-
stants. (Friedlingstein et al. have separate b and g for land
and ocean, which we have aggregated, and they express b
in GtC ppm21.) Following the signs of Cb and Cg, b . 0
and g , 0; hence,

CE 5 C 1 bC 1 gT. (9)

For a steady climate, we have Eq. (2), which we rewrite as

F 5 FC(C) 1 FN 5 lT, (10)

where FC is the radiative forcing resulting from an at-
mospheric CO2 increase, and FN is the sum of all non-
CO2 forcings, which are not affected by the perturbation
to the carbon cycle. For time-dependent change, we can
replace l with r, provided that F 5 rT is a good ap-
proximation, which is the case for scenarios of steadily
increasing forcing (see section 2), and thus we obtain

F 5 FC(C) 1 FN 5 rT. (11)

Equations (9) and (11) constitute a coupled system for
time-dependent responses in T and C to imposed changes
FN and CE.

Anthropogenic land use change, especially defores-
tation, also affects the partition of carbon among the
stores. Its immediate effect is to transfer carbon from CL

to C or vice versa; thus, in Eq. (7) we can count land use
change in CE, even though it is not fossil carbon, if we
conserve carbon by making an equal and opposite
change to CL. The latter cannot be shown in Eq. (8)
because land use change is imposed, rather than being a
response, so it cannot appear in either Cb or Cg. How-
ever, the response of the climate and carbon systems to
the perturbation in C from land use change will be
similar to their response to other C perturbations. It is
therefore acceptable to include net emissions from land
use change in CE only in Eqs. (8) and (9). However, land
use management modifies the nature of the response
of the terrestrial carbon system to atmospheric CO2

change and climate change, so it may make b and g
variable in Eq. (9).

4. Climate change as carbon cycle feedback

The radiative forcing FC is a logarithmic function of
the atmospheric CO2 content C1 1 C, where C1 is a
reference value (Shine et al. 1990). For small C, fol-
lowing Cox et al. (2006), Friedlingstein et al. (2006), and
Scheffer et al. (2006), we approximate it as linear

FC(C) 5 F23

ln[(C1 1 C)/C1]

ln2
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For linearization about the present-day C1 5 830 GtC
(corresponding to 390 ppm by volume) f 5 F23/(C1 ln2) 5
0.0064 W m22 GtC21 (0.014 W m22 ppm21; the addi-
tion of 1 GtC to C raises the concentration by 0.47 ppm).
We note that the CO2 perturbations projected for the
twenty-first century are not small, so the linearization is
not accurate. For a doubling of CO2 from the present-
day value, this value for f would give F 5 5.5 W m22,
which is 50% larger than the intended F23. Because
C4MIP followed the A2 scenario, we instead linearize
the forcing over the range of CO2 concentrations from
preindustrial (C1 5 290 ppm) to the end of the twenty-
first century under A2. According to the Bern reference
model used by Cubasch et al. (2001), the latter is C2 5
840 ppm, which is roughly in the middle of the C4MIP
models. Hence, f 5 F23 ln(C2/C1)/ln2/(C2 2 C1) 5
0.0049 W m22 GtC21 (0.010 W m22 ppm21). We should
bear in mind that in effect f decreases as C rises.

We can solve the simultaneous Eqs. (9) and (11) by
eliminating either C or T. Eliminating T we get

FC(C) 1 FN 5 r
CE ! (1 1 b)C

g
.

Using the linear approximation for FC [Eq. (12)] gives
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r (fC 1 FN) 5 CE ! (1 1 b)C

and hence
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Henceforth, we consider CO2 emissions only, so FN 5 0
(see appendix A for discussion of non-CO2 forcing).

Equation (13) has the resistance form of Eq. (2) (F 5
T !i li), as applied to the carbon system; the imposed
forcing CE is opposed by a sum of terms (on the right),
each of which is proportional to the change of state C.
We can write it as

CE 5 uC u 5!
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ui 5 1 1 b 1 ug, (14)

where the carbon response parameter u is analogous to
the climate feedback parameter l, and is the sum of
contributions relating to increased storage in the atmo-
sphere (u0 5 1), the concentration–carbon response pa-
rameter b, and the climate–carbon response parameter
ug 5 fg/r. Because b . 0 and g , 0, the concentration–
carbon term is a negative feedback on increase of C and
the climate–carbon term a positive feedback [by analogy
with Eq. (3), in which negative contributions to l are
positive feedbacks on warming].
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to the carbon cycle. For time-dependent change, we can
replace l with r, provided that F 5 rT is a good ap-
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change in CE, even though it is not fossil carbon, if we
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change to CL. The latter cannot be shown in Eq. (8)
because land use change is imposed, rather than being a
response, so it cannot appear in either Cb or Cg. How-
ever, the response of the climate and carbon systems to
the perturbation in C from land use change will be
similar to their response to other C perturbations. It is
therefore acceptable to include net emissions from land
use change in CE only in Eqs. (8) and (9). However, land
use management modifies the nature of the response
of the terrestrial carbon system to atmospheric CO2

change and climate change, so it may make b and g
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Scheffer et al. (2006), we approximate it as linear
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For linearization about the present-day C1 5 830 GtC
(corresponding to 390 ppm by volume) f 5 F23/(C1 ln2) 5
0.0064 W m22 GtC21 (0.014 W m22 ppm21; the addi-
tion of 1 GtC to C raises the concentration by 0.47 ppm).
We note that the CO2 perturbations projected for the
twenty-first century are not small, so the linearization is
not accurate. For a doubling of CO2 from the present-
day value, this value for f would give F 5 5.5 W m22,
which is 50% larger than the intended F23. Because
C4MIP followed the A2 scenario, we instead linearize
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preindustrial (C1 5 290 ppm) to the end of the twenty-
first century under A2. According to the Bern reference
model used by Cubasch et al. (2001), the latter is C2 5
840 ppm, which is roughly in the middle of the C4MIP
models. Hence, f 5 F23 ln(C2/C1)/ln2/(C2 2 C1) 5
0.0049 W m22 GtC21 (0.010 W m22 ppm21). We should
bear in mind that in effect f decreases as C rises.

We can solve the simultaneous Eqs. (9) and (11) by
eliminating either C or T. Eliminating T we get
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Henceforth, we consider CO2 emissions only, so FN 5 0
(see appendix A for discussion of non-CO2 forcing).

Equation (13) has the resistance form of Eq. (2) (F 5
T !i li), as applied to the carbon system; the imposed
forcing CE is opposed by a sum of terms (on the right),
each of which is proportional to the change of state C.
We can write it as
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where the carbon response parameter u is analogous to
the climate feedback parameter l, and is the sum of
contributions relating to increased storage in the atmo-
sphere (u0 5 1), the concentration–carbon response pa-
rameter b, and the climate–carbon response parameter
ug 5 fg/r. Because b . 0 and g , 0, the concentration–
carbon term is a negative feedback on increase of C and
the climate–carbon term a positive feedback [by analogy
with Eq. (3), in which negative contributions to l are
positive feedbacks on warming].

1 OCTOBER 2009 G R E G O R Y E T A L . 5237

Climate Forcing at time when (CO2 – preindustrial) = C 

When CO2 = 2 x C1, φ = F2x / C ~ 3.7 W m-2 / (600 GtC) 
(simple linearization of  climate forcing) 

Using b and ug we can compare the magnitudes of the
concentration–carbon and climate–carbon feedbacks on
the carbon system, because they are both dimensionless
(whereas g is not). Their values in the C4MIP models of
Friedlingstein et al. (2006) are shown in Table 3. On
average, the concentration–carbon feedback is about 4
times stronger, and hence dominant. The uncertainty in b
is nearly twice as large as that in ug. The land carbon
models of the Lawrence Livermore National Laboratory
(LLNL) and the University of Maryland (UMD) have
unusual land contributions to b; LLNL has a particularly
large one and UMD a particularly small one, both being
outside 62 standard deviations of the C4MIP mean
(Denman et al. 2007, their Table 7.4). Excluding these two
models reduces the uncertainty in b by 25% to a standard
deviation of 0.21, which still exceeds that of ug.

The ratio u 5 CE/C of the emitted carbon to the in-
crease in atmospheric carbon content can be decom-
posed, according to Eq. (14), into contributions from the
atmosphere, the concentration–carbon response, and the
climate–carbon response. In Fig. 1 we show these con-
tributions to u, further divided between land and ocean.

A quantity more commonly considered than u is its
reciprocal, the airborne fraction,

A 5
C

CE

5
1

u
5

1

!ui

5
1

1 1 b 1 fg/r
. (15)

As defined here, A is the cumulative airborne fraction,
that is, the fraction of all previously emitted CO2 that
remains in the atmosphere. We include A in Table 3, as
calculated from other C4MIP parameters. In the C4MIP
models, A ranges from 0.40 (LLNL) to 0.73 (Hadley
Centre, HadCM3LC). (See section 7 for further discus-
sion of A.) It cannot be decomposed linearly into con-
tributions from the individual ui, because they are in the
denominator of A. This is analogous to the treatment of
climate sensitivity, in which the individual li are summed
to give the climate feedback parameter l; however, be-
cause T } 1/l, T cannot be decomposed linearly into
contributions from the individual terms.

We can alternatively rewrite Eqs. (14) or (15) as

C 5 ACE, A 5
1

1! gC

, and

gC 5!!
i.0

ui 5!b! ug, (16)

which has the gain form of Eq. (4), making it apparent
that the airborne fraction can also be interpreted as
the carbon feedback factor, analogous to GT. Here, the
basic response (without carbon cycle feedback) of the
carbon system to the emission CE is that the atmospheric
content C increases by the same amount CE. The carbon
cycle feedbacks 2ui.0 modify this basic response. The

TABLE 3. The upper section of the table shows parameters quantifying climate and carbon responses in the earth system models of
C4MIP (Friedlingstein et al. 2006), computed from the values in their Table 3, using formulas from our Table 2. Details of all the models
are given by Friedlingstein et al. (2006). The parameters are defined in Table 1, except for lbg, which is defined in appendix A; r, rb, rg, and
lbg are in W m22 K21; b, ug, A, and gCC are dimensionless; g is in GtC K21. SD is the standard deviation across models, and CV is the
coefficient of variation, that is, the ratio of the SD to the magnitude of the mean, expressed as a percentage. Following Eq. (14), b can be
interpreted as the concentration–carbon response parameter, that is, ub [ b, corresponding to the climate–carbon response parameter ug.
The lower section of the table shows the climate and carbon contributions to the climate response to CO2 emissions, evaluated by
combining the climate resistance of CMIP3 AOGCMs with the carbon cycle parameters of the C4MIP models.

Model r b g ug rb rg A gCC lbg

C4MIP for both noncarbon feedbacks and carbon cycle feedbacks
HadCM3LC 1.56 0.99 2201 20.62 1.54 20.98 0.73 0.31 20.49
IPSL-CM2C 1.59 1.50 2128 20.39 2.39 20.62 0.47 0.16 20.25
IPSL-CM4-LOOP 1.43 1.13 236 20.12 1.62 20.17 0.50 0.06 20.08
CSM-1 2.72 0.94 240 20.07 2.55 20.19 0.54 0.04 20.10
MPI 1.26 1.17 287 20.34 1.48 20.42 0.54 0.15 20.19
LLNL 1.52 1.74 284 20.27 2.64 20.41 0.40 0.10 20.15
FRCGC 1.75 1.13 2158 20.44 1.97 20.77 0.59 0.21 20.36
UMD 1.84 0.80 2107 20.28 1.47 20.52 0.66 0.16 20.29
UVic-2.7 1.64 1.08 2141 20.42 1.77 20.68 0.60 0.20 20.33
CLIMBER 1.95 0.94 279 20.20 1.83 20.38 0.57 0.10 20.20
BERN-CC 2.24 1.36 2144 20.31 3.06 20.70 0.49 0.13 20.30
Mean 1.77 1.16 2109 20.31 2.03 20.53 0.55 0.15 20.25
SD 0.41 0.28 50 0.16 0.54 0.25 0.09 0.08 0.12
CV 23 24 46 49 27 46 17 53 49

CMIP3 for noncarbon feedbacks and C4MIP for carbon cycle feedbacks
Mean 2.05 — — — 2.38 20.53 — — —
SD 0.84 — — — 0.57 0.25 — — —
CV 41 — — — 24 47 — — —
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“Airborne fraction” of  total CO2 emissions 
depends on both β and γ	


“Carbon-Climate Gain” 

•  Carbon gain is defined in such a way as  
 to be exactly analogous to climate gain 

•  Two components: 
–  Concentration-carbon feedback β	


–  Climate-carbon feedback γ	


Using b and ug we can compare the magnitudes of the
concentration–carbon and climate–carbon feedbacks on
the carbon system, because they are both dimensionless
(whereas g is not). Their values in the C4MIP models of
Friedlingstein et al. (2006) are shown in Table 3. On
average, the concentration–carbon feedback is about 4
times stronger, and hence dominant. The uncertainty in b
is nearly twice as large as that in ug. The land carbon
models of the Lawrence Livermore National Laboratory
(LLNL) and the University of Maryland (UMD) have
unusual land contributions to b; LLNL has a particularly
large one and UMD a particularly small one, both being
outside 62 standard deviations of the C4MIP mean
(Denman et al. 2007, their Table 7.4). Excluding these two
models reduces the uncertainty in b by 25% to a standard
deviation of 0.21, which still exceeds that of ug.

The ratio u 5 CE/C of the emitted carbon to the in-
crease in atmospheric carbon content can be decom-
posed, according to Eq. (14), into contributions from the
atmosphere, the concentration–carbon response, and the
climate–carbon response. In Fig. 1 we show these con-
tributions to u, further divided between land and ocean.

A quantity more commonly considered than u is its
reciprocal, the airborne fraction,
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As defined here, A is the cumulative airborne fraction,
that is, the fraction of all previously emitted CO2 that
remains in the atmosphere. We include A in Table 3, as
calculated from other C4MIP parameters. In the C4MIP
models, A ranges from 0.40 (LLNL) to 0.73 (Hadley
Centre, HadCM3LC). (See section 7 for further discus-
sion of A.) It cannot be decomposed linearly into con-
tributions from the individual ui, because they are in the
denominator of A. This is analogous to the treatment of
climate sensitivity, in which the individual li are summed
to give the climate feedback parameter l; however, be-
cause T } 1/l, T cannot be decomposed linearly into
contributions from the individual terms.

We can alternatively rewrite Eqs. (14) or (15) as

C 5 ACE, A 5
1

1! gC

, and

gC 5!!
i.0

ui 5!b! ug, (16)

which has the gain form of Eq. (4), making it apparent
that the airborne fraction can also be interpreted as
the carbon feedback factor, analogous to GT. Here, the
basic response (without carbon cycle feedback) of the
carbon system to the emission CE is that the atmospheric
content C increases by the same amount CE. The carbon
cycle feedbacks 2ui.0 modify this basic response. The

TABLE 3. The upper section of the table shows parameters quantifying climate and carbon responses in the earth system models of
C4MIP (Friedlingstein et al. 2006), computed from the values in their Table 3, using formulas from our Table 2. Details of all the models
are given by Friedlingstein et al. (2006). The parameters are defined in Table 1, except for lbg, which is defined in appendix A; r, rb, rg, and
lbg are in W m22 K21; b, ug, A, and gCC are dimensionless; g is in GtC K21. SD is the standard deviation across models, and CV is the
coefficient of variation, that is, the ratio of the SD to the magnitude of the mean, expressed as a percentage. Following Eq. (14), b can be
interpreted as the concentration–carbon response parameter, that is, ub [ b, corresponding to the climate–carbon response parameter ug.
The lower section of the table shows the climate and carbon contributions to the climate response to CO2 emissions, evaluated by
combining the climate resistance of CMIP3 AOGCMs with the carbon cycle parameters of the C4MIP models.

Model r b g ug rb rg A gCC lbg

C4MIP for both noncarbon feedbacks and carbon cycle feedbacks
HadCM3LC 1.56 0.99 2201 20.62 1.54 20.98 0.73 0.31 20.49
IPSL-CM2C 1.59 1.50 2128 20.39 2.39 20.62 0.47 0.16 20.25
IPSL-CM4-LOOP 1.43 1.13 236 20.12 1.62 20.17 0.50 0.06 20.08
CSM-1 2.72 0.94 240 20.07 2.55 20.19 0.54 0.04 20.10
MPI 1.26 1.17 287 20.34 1.48 20.42 0.54 0.15 20.19
LLNL 1.52 1.74 284 20.27 2.64 20.41 0.40 0.10 20.15
FRCGC 1.75 1.13 2158 20.44 1.97 20.77 0.59 0.21 20.36
UMD 1.84 0.80 2107 20.28 1.47 20.52 0.66 0.16 20.29
UVic-2.7 1.64 1.08 2141 20.42 1.77 20.68 0.60 0.20 20.33
CLIMBER 1.95 0.94 279 20.20 1.83 20.38 0.57 0.10 20.20
BERN-CC 2.24 1.36 2144 20.31 3.06 20.70 0.49 0.13 20.30
Mean 1.77 1.16 2109 20.31 2.03 20.53 0.55 0.15 20.25
SD 0.41 0.28 50 0.16 0.54 0.25 0.09 0.08 0.12
CV 23 24 46 49 27 46 17 53 49

CMIP3 for noncarbon feedbacks and C4MIP for carbon cycle feedbacks
Mean 2.05 — — — 2.38 20.53 — — —
SD 0.84 — — — 0.57 0.25 — — —
CV 41 — — — 24 47 — — —
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“Airborne fraction” of  total CO2 emissions 
depends on both β and γ	
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Carbon-Climate Responses 

•  Derived by Gregory et al (2009) from C4MIP 
model output (Friedlingstein et al, 2006) 

•  -u for CO2 is analogous to –λ for temperature 

•  Concentration-climate feedback is stronger, 
negative, and most uncertain (esp for land) net feedback is negative, that is, gC , 0, so A , 1 and C

increases by less than CE, unlike the net positive climate
feedback gT . 0, which gives GT . 1.

Friedlingstein et al. (2006) derive a different gain
form of the carbon system change. They include the
concentration–carbon response in the basic response of
the carbon system to emissions. Without the climate–
carbon response, Eq. (14) becomes

CE 5 Cng(1 1 b)0Cng 5
CE

1 1 b
,

where Cng is the corresponding change in atmospheric
carbon content; Cng is analogous to T0 5 F/l0 for the
basic response of climate change to radiative forcing,
with 1 1 b in the role of l0 5 lBB in Eq. (3). Rewriting
Eq. (14) as CE 5 C[(1 1 b) 2 (2ug)], and comparing
with Eq. (3), we see that the climate–carbon response
2ug plays the role of y. Then, by analogy with Eq. (4), we
have

C 5 GCCCng and GCC 5
1

1! gCC

, (17)

with

gCC [ !
ug

1 1 b
5! fg

r(1 1 b)
(18)

being the climate–carbon gain factor, analogous to
y/l0. Because b . 0 and g , 0, the gain factor gCC . 0;
in C4MIP models gCC 5 0.15 6 53% (Table 3; and
Table 3 of Friedlingstein et al. 2006). Because gCC . 0,
GCC . 1, meaning that the climate–carbon feedback
leads to a greater increase in atmospheric CO2 content for

a given emission than would occur if it were not act-
ing. Equations (17) and (18) are equivalent to Eqs. (1) and
(7) of Friedlingstein et al. (2006; their a 5 f/r; see
appendix B).

5. Carbon cycle as climate feedback

Using the approximation FC 5 fC we can alterna-
tively solve the simultaneous Eqs. (9) and (11) for T by
eliminating C. For CO2 emissions only, from Eq. (11),
we have

rT 5 FC 5 fC, (19)

and Eq. (9) gives

FC(CE) 5 fCE 5 f[C(1 1 b) 1 gT] 5 rT(1 1 b) 1 fgT,

so

fCE 5 rT 1 rbT 1 fgT [ (r 1 rb 1 rg)T . (20)

This has the resistance form of Eq. (2) (F 5 T !i li) but
the left-hand side fCE is the radiative forcing of the
emitted carbon, not the forcing resulting from the CO2

actually in the atmosphere. We have to express the forcing
as emissions because CO2 concentration is a mixture of
forcing and response when carbon cycle feedbacks are
active. The emissions forcing is balanced by the response
of the climate–carbon system, on the right-hand side,
which now includes two feedback terms from the carbon
cycle, namely, the concentration–carbon feedback param-
eter rb 5 rb and the climate–carbon feedback parameter
rg 5 fg. These new climate feedback parameters are

FIG. 1. Comparison of concentration–carbon and climate–carbon responses expressed as
contributions to the ratio CE/C of the emitted carbon to the increase in atmospheric carbon
content. This ratio is the reciprocal of the airborne fraction. Positive terms indicate positive
storage of carbon when C increases. The land and ocean contributions are as calculated in this
paper from the C4MIP models of Friedlingstein et al. (2006). The bars indicate approximate
5%–95% confidence intervals (mean 6 1.65 3 SD). There is no uncertainty in the atmospheric
contribution, which is unity by definition.
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Climate Feedback Comparison 

•  Carbon 
feedbacks 
are 
compared 
“apples-
and-
apples” to 
other 
climate 
feedbacks 

just rui, where ui are the carbon cycle response param-
eters of section 4.

The values of rb and rg for the C4MIP models are
shown in Table 3. In Fig. 2 we compare these carbon
cycle feedbacks with atmosphere and surface climate
feedbacks (Soden and Held 2006) and ocean heat up-
take efficiency (Gregory and Forster 2008). These values
for the noncarbon feedbacks represent a wider range of
recent GCMs than the C4MIP set of models. Translating
the carbon cycle feedbacks into the same terms as climate
feedbacks allows us to compare them numerically with
each other and with the noncarbon feedbacks.

The concentration–carbon response rb is negative,
because b . 0. The concentration–carbon response, by
sequestering a large fraction of the emitted carbon, is an
important feedback that opposes warming, being on
average 60% of the magnitude of the blackbody re-
sponse. The concentration–carbon feedback is 4 times
larger in magnitude than the climate–carbon feedback
rg, which is positive because g , 0, and it is of about the
same average magnitude as cloud feedback.

The analysis of uncertainty is complicated for forcing
by CO2 emissions because rb combines the uncertainties
in r and b. The T response is determined by the coupled
climate–carbon cycle resistance rC4 [ r 1 rb 1 rg that
appears on the right-hand side of Eq. (20). In the C4MIP
models, there is no significant correlation among r, b,
and g, so we assume their uncertainties to be indepen-
dent, and hence the variance is

var(rC4) 5 var[r(1 1 b) 1 fg] 5 (1 1 b)
2
var(r)

1 r2var(1 1 b) 1 var(1 1 b)var(r) 1 var(fg)

5 (1 1 b)2var(r) 1 r2var(b)

1 var(b)var(r) 1 f2var(g).

Thus, the uncertainty (standard deviation) s(rC4) com-
bines four independent uncertainties in quadrature.
These uncertainties are evaluated in Table 3 using r 5
2.1 6 0.4 W m22 K21 (Gregory and Forster 2008) for
the climate resistance, based on the AOGCMs of the

FIG. 2. (top) A comparison of components of climate feedback and ocean heat uptake, and
(bottom) a comparison of the combined noncarbon response (the climate resistance, the sum of
the terms in the top part) with the carbon cycle feedbacks for forcing resulting from CO2

emissions. The blackbody, cloud, surface albedo, and WV 1 LR (water vapor and lapse rate)
terms are from Soden and Held (2006). The heat uptake term is the ocean heat uptake effi-
ciency k from Gregory and Forster (2008) and the climate resistance is their r evaluated from
CMIP3 AOGCMs, with its uncertainty amplified by the concentration–carbon feedback as
described in the text. The carbon cycle contributions are as calculated in this paper from the
C4MIP models of Friedlingstein et al. (2006). We show climate feedback parameters as 2li, so
that positive terms tend to increase climate warming for a positive forcing; the blackbody re-
sponse is shown as a negative climate feedback 2lBB, and the ocean heat uptake efficiency and
climate resistance are likewise negative terms. The bars indicate approximate 5%–95% con-
fidence intervals (mean 6 1.65 3 SD).
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sponse is shown as a negative climate feedback 2lBB, and the ocean heat uptake efficiency and
climate resistance are likewise negative terms. The bars indicate approximate 5%–95% con-
fidence intervals (mean 6 1.65 3 SD).
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming
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century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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2 Methods

Our study uses a modified version of the Community Cli-
mate System Model (CCSM), which includes ocean biogeo-
chemistry and ecosystem dynamics (Moore et al., 2004), and
coupled terrestrial carbon and nitrogen cycles (Thornton and
Zimmermann, 2007). Using four global simulations we iso-
late the effects 1CC , 1ND , and 1Ca , including corrections
for differences between simulations in Ca (Friedlingstein et
al., 2006). Simulations are all 230 years in length, covering
the nominal time period 1870 to 2099. Fossil fuel emissions
are specified identically for each simulation based on obser-
vations for the historical period and following a business-as-
usual scenario for future emissions. Fossil fuel, land, and
ocean carbon fluxes provide boundary conditions for CO2
tracers in the atmosphere, resulting in a time-evolving (prog-
nostic) Ca as a tracer which responds to all of these fluxes.
Atmospheric radiative forcing responds either to this prog-
nostic Ca or to a specified preindustrial value (radiatively
coupled and uncoupled experiments, respectively). Mineral
nitrogen deposition from the atmosphere to the land surface
is forced either by a transient dataset consistent with pre-
scribed fossil fuel emissions (Lamarque et al., 2005), or by
a constant-in-time preindustrial dataset. In all cases land and
ocean carbon fluxes respond to the prognostic Ca .

2.1 Detailed methods

2.1.1 Model description

Our study uses a version of the Community Climate Sys-
tem Model (CCSM) modified to include a prognostic car-
bon cycle, ocean biogeochemistry and ecosystem dynamics,
and coupled terrestrial carbon and nitrogen cycles. Modi-
fications were applied to CCSM version 3.0 (Collins et al.,
2006), using the low-resolution version of the model (Yeager
et al., 2006) to reduce computational cost associated with the
lengthy spin-up simulations.
Modifications to the land component (Community Land

Model version 3) (Dickinson et al., 2006) include: the intro-
duction of prognostic carbon and nitrogen cycles for canopy
dynamics, accompanied by a new canopy integration scheme
that improves the representation of sunlit and shaded canopy
fractions (Thornton and Zimmermann, 2007); prognostic
carbon and nitrogen cycles for the litter and soil (Thorn-
ton and Rosenbloom, 2005); coupling of plant-litter-soil car-
bon and nitrogen cycles (Thornton et al., 2007; Thornton
and Rosenbloom, 2005); and several changes to the hydro-
logic sub-model to improve partitioning of evapotranspira-
tion (Lawrence et al., 2007). Detailed process descriptions
for the carbon and nitrogen cycle components are available
(Thornton et al., 2007). The resulting land component is re-
ferred to as the Community Land Model with coupled Car-
bon and Nitrogen cycles (CLM-CN).

Nitrogen cycle

Atm CO2

Plant

Litter / CWD

Soil Organic Matter

Carbon cycle
Internal
(fast)

External
(slow)

Soil Mineral 
N

N deposition

N fixation

denitrification

N leaching

mineralization

assimilation

photosynthesis

litterfall & mortality

decomposition

(i)

respiration

Fig. 1. Schematic illustrating feedback pathways coupling terres-
trial carbon and nitrogen cycles in CLM-CN. Blue arrows show,
in general, the processes represented in previous carbon-only land
model components: plant carbon uptake by photosynthesis draws
down atmospheric carbon dioxide (Atm CO2); litterfall and plant
mortality pass biomass from plant to litter and coarse woody debris
(CWD); decomposition of fresh litter generates soil organic mat-
ter; respiration by both plants and heterotrophic organisms returns
CO2 to the atmosphere. Orange arrows show the additional pro-
cesses represented in our coupled carbon-nitrogen land model, dif-
ferentiated here between rapid internal cycling (solid arrows), and
slower fluxes between land pools, the atmosphere, and ground wa-
ter (dashed arrows). The critical feedback pathway connecting het-
erotrophic respiration with plant growth is highlighted as a thick or-
ange arrow: decomposition of soil organic matter not only releases
CO2 to the atmosphere, it also releases nitrogen from the organic
matter (mineralization) in forms that can then be taken up by plants
(assimilation). Plant nitrogen uptake competes with the demand for
mineral nitrogen from heterotrophic organisms decomposing fresh
litter (immobilization, abbreviated (i) in the Fig.).

Modification to the ocean component of CCSM3 in-
cludes incorporation of the Biogeochemical Elemental Cy-
cling (BEC) model, with multiple phytoplankton functional
groups (diatoms, diazotrophs, smaller phytoplankton, and
coccolithophores) and multiple potentially growth-limiting
nutrients (nitrate, ammonium, phosphate, silicate, and iron)
(Moore et al., 2002, 2004). The model allows for variable
Fe/C and Si/C ratios dependent on ambient nutrient avail-
ability. The ecosystem is coupled with a carbonate chemistry
module based on the Ocean Carbon Model Intercomparison
Project (OCMIP) (Doney et al., 2003, 2004), allowing dy-
namic computation of surface ocean pCO2 and air-sea CO2
flux. The vertical profile of shortwave radiation absorption in
the ocean model is determined by the prognostic chlorophyll
distribution from the BEC model.

2.1.2 Experimental design

The primary purpose of our study is to demonstrate the sen-
sitivity of a fully-coupled AOGCM to interactions between
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Abstract. Inclusion of fundamental ecological interactions
between carbon and nitrogen cycles in the land component of
an atmosphere-ocean general circulation model (AOGCM)
leads to decreased carbon uptake associated with CO2 fertil-
ization, and increased carbon uptake associated with warm-
ing of the climate system. The balance of these two oppos-
ing effects is to reduce the fraction of anthropogenic CO2
predicted to be sequestered in land ecosystems. The primary
mechanism responsible for increased land carbon storage un-
der radiatively forced climate change is shown to be fertiliza-
tion of plant growth by increased mineralization of nitrogen
directly associated with increased decomposition of soil or-
ganic matter under a warming climate, which in this partic-
ular model results in a negative gain for the climate-carbon
feedback. Estimates for the land and ocean sink fractions
of recent anthropogenic emissions are individually within
the range of observational estimates, but the combined land
plus ocean sink fractions produce an airborne fraction which
is too high compared to observations. This bias is likely
due in part to an underestimation of the ocean sink frac-
tion. Our results show a significant growth in the airborne
fraction of anthropogenic CO2 emissions over the coming

Correspondence to: P. E. Thornton
(thorntonpe@ornl.gov)

century, attributable in part to a steady decline in the ocean
sink fraction. Comparison to experimental studies on the fate
of radio-labeled nitrogen tracers in temperate forests indi-
cates that the model representation of competition between
plants and microbes for new mineral nitrogen resources is
reasonable. Our results suggest a weaker dependence of net
land carbon flux on soil moisture changes in tropical regions,
and a stronger positive growth response to warming in those
regions, than predicted by a similar AOGCM implemented
without land carbon-nitrogen interactions. We expect that
the between-model uncertainty in predictions of future at-
mospheric CO2 concentration and associated anthropogenic
climate change will be reduced as additional climate mod-
els introduce carbon-nitrogen cycle interactions in their land
components.

1 Introduction

Climate change over the next several centuries will depend
on anthropogenic emissions of carbon dioxide as well as
feedbacks between climate and the carbon cycle (Meehl et
al., 2007). All previously published modeling studies of the
climate-carbon cycle feedback based on atmosphere-ocean
general circulation models (AOGCMs) have found that cli-
mate warming driven by greenhouse gas accumulation in the
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Fig. 2. Predicted atmospheric CO2 and climate-carbon cycle feedback parameters. Ca from uncoupled experiments (a); difference in Ca

due to radiative coupling (b); difference in Ca due to anthropogenic nitrogen deposition (c); land biosphere response to increasing Ca (d);
land biosphere response to increasing temperature (e); and overall global climate-carbon cycle feedback gain (f). Gray lines show archived
results from eleven previous studies (Friedlingstein et al., 2006). In all panels except (c), thick solid line is for experiments with preindustrial
nitrogen deposition, thick dashed line for anthropogenic nitrogen deposition. In (c), solid and dashed lines are for radiatively uncoupled and
coupled experiments, respectively. Diamonds show the feedback parameters estimated at year 2100 for previous studies (Friedlingstein et
al., 2006) and square shows their mean. Thin dotted lines indicate zero response.

Fig. 3. Atmosphere and ocean feedback parameters. Climate sensitivity to increasing Ca (↵) (a); ocean carbon cycle sensitivity to Ca (�L)
(b); and ocean carbon cycle sensitivity to climate (�O ) (c). In all panels thick solid line is for present experiments with preindustrial nitrogen
deposition, thick dashed line for anthropogenic nitrogen deposition. Gray lines show the transient responses of eleven previous studies based
on archived results, diamonds show the feedback parameters estimated at year 2100 for eleven previous studies as reported in text, and square
shows the mean of these previous results. Thin dashed line in (c) indicates zero response.
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coupled simulation. Over land temperature increase
promotes increased heterotrophic respiration per unit
biomass as well as decreased globally averaged net pri-
mary productivity (NPP) (not shown). Regionally, how-
ever, temperature increase is expected to enhancemid- to
high-latitude primary production (Qian et al. 2010), so
the reduction in global NPP is expected to come from
the reduction in the tropics. Over the ocean, CO2 loss is

associated with warmer temperatures, which reduce
CO2 solubility (Goodwin and Lenton 2009).
In Fig. 2, NorESM-ME and CESM1-BGC behave

somewhat differently than the other models. Over land,
they give up the lowest amount of carbon in response
to warming in the radiatively coupled simulation (F1

L in
Fig. 2e) but also take up the least amount of carbon in
the biogeochemically coupled simulation in response

FIG. 1. (a) Atmospheric CO2 concentration (ppm) used in the 1% increasing CO2 simulations. (b) Model mean
values and the range across the nine participating models for simulated temperature change, compared to the
control simulation, (c) atmosphere–land and (d) atmosphere–ocean CO2 fluxes, and (e),(f) their cumulative values,
from the fully, radiatively, and biogeochemically coupled simulations.
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ABSTRACT

The magnitude and evolution of parameters that characterize feedbacks in the coupled carbon–climate
system are compared across nine Earth system models (ESMs). The analysis is based on results from bio-
geochemically, radiatively, and fully coupled simulations in which CO2 increases at a rate of 1%yr21. These
simulations are part of phase 5 of the Coupled Model Intercomparison Project (CMIP5). The CO2 fluxes
between the atmosphere and underlying land and ocean respond to changes in atmospheric CO2 concen-
tration and to changes in temperature and other climate variables. The carbon–concentration and carbon–
climate feedback parameters characterize the response of the CO2 flux between the atmosphere and the
underlying surface to these changes. Feedback parameters are calculated using two different approaches. The
two approaches are equivalent and either may be used to calculate the contribution of the feedback terms to
diagnosed cumulative emissions. The contribution of carbon–concentration feedback to diagnosed cumula-
tive emissions that are consistent with the 1% increasing CO2 concentration scenario is about 4.5 times larger
than the carbon–climate feedback. Differences in the modeled responses of the carbon budget to changes
in CO2 and temperature are seen to be 3–4 times larger for the land components compared to the ocean
components of participating models. The feedback parameters depend on the state of the system as well the
forcing scenario but nevertheless provide insight into the behavior of the coupled carbon–climate system and
a useful common framework for comparing models.

1. Introduction

Earth system models (ESMs) incorporate terres-
trial and ocean carbon cycle processes into coupled

atmosphere–ocean general circulation models (AOGCMs)
in order to represent the interactions between the car-
bon cycle and the physical climate system. Changes in
the physical climate affect the exchange of CO2 between
the atmosphere and the underlying land and ocean,
and the resulting changes in atmospheric concentration of
CO2 in turn affect the physical climate. Aspects of the
behavior of the carbon cycle and its interaction with the
physical climate system are characterized in terms of
carbon–concentration and carbon–climate feedback pa-
rameters (Friedlingstein et al. 2006; Boer andArora 2009;
Roy et al. 2011). Feedback parameters can be calculated
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to CO2 increase (FL* in Fig. 2f). The overall result in the
fully coupled simulation F 0

L is also the smallest in Fig. 2d.
The muted response of the land carbon cycle compo-
nent (CLM4) of the NorESM-ME and CESM1-BGC
models to increases in CO2 concentration and tem-
perature is not unexpected. The coupling of the carbon
and nitrogen cycles reduces the CO2 fertilization effect
due to nitrogen limitation so the response to increased

CO2 concentration in both models is lower than other
models (Thornton et al. 2009; Bonan and Levis 2010).
An interactive nitrogen cycle also counteracts increased
ecosystem respiration losses and reduced productivity
associated with temperature increase through carbon
gains associated with more available mineral nitrogen.
Other models that include coupling of terrestrial car-
bon and nitrogen cycles find similar behavior (Zaehle

FIG. 2. (a)–(c) Simulated temperature change, (d)–(f) cumulative atmosphere–landCO2 flux, and (g)–(i) cumulative atmosphere–ocean
CO2 flux from the fully, radiatively, and biogeochemically coupled 1% CO2 increase simulations for the nine participating models. Note
that in (d)–(f) the lines corresponding to the NorESM-ME and CESM1-BGC models essentially overlay each other.

1 AUGUST 2013 ARORA ET AL . 5297

•  Land β and γ 
each vary by 
a factor of 6 ! 

•  Oceans vary 
too, but over 
a much 
smaller range 

•  Dominant 
source of 
uncertainty 

βL	
γL 

βO	
γO 

CMIP5: Partition of Carbon 

et al. 2010; Zhang et al. 2011). The range in cumulative
atmosphere–surface CO2 flux change amongmodels, in
response to changes in atmospheric CO2 concentration
and surface temperature (Figs. 1e,f), is 3–4 times larger
at the end of the simulation for the land than for the
ocean.

b. Cumulative emissions

Figure 3 displays atmospheric carbon budget compo-
nents in Eqs. (7) and (10) using results from the fully
coupled simulation. The results are arranged in descend-
ing order according to the models’ cumulative emissions.
The change in atmospheric carbon burden H0

A is spec-
ified in the 1% CO2 simulations so the differences in
diagnosed cumulative emissions and its airborne frac-
tion fA are determined by land plus ocean carbon up-
take in the models. Consistent with Figs. 1 and 2, the
differences among models are primarily due to the di-
verse response of the land carbon cycle components
(Fig. 3a).

c. Feedback parameters

1) CARBON–CONCENTRATION FEEDBACK

PARAMETER

Figure 4 compares the atmosphere, land, and ocean
carbon–concentration feedback parameters (BA,BL,BO)
across the nine models as a function of atmospheric
CO2 concentration calculated using results from the
radiatively and biogeochemically coupled simulations
(the R-B approach in appendix A). The feedback

parameters are calculated using 30-yr moving averaged
atmosphere–surface CO2 fluxes and the first 20 yr of
data are not included in the plots so the CO2 concen-
tration along the x axis starts at 350 ppm. The plots are
broadly similar when B is plotted against time since
CO2 increases monotonically (Fig. 1a). The terms BL

and BO are positive, because higher CO2 concentration
results in flux into land and ocean carbon pools, while
BA is negative because the flux is out of the atmosphere.
Both BL and BO decrease with increasing CO2 for all
models. For land FL approaches a value between 5 and
7 Pg C (Fig. 1c) despite increasing CO2 consistent with
a decrease in the carbon–concentration feedback BL.
This is the consequence of increasing ecosystem res-
piration losses as total biomass increases as well as the
saturation of the CO2 fertilization effect with increasing
CO2 [e.g., see Luo et al. (1996) and Fig. 3c in Arora et al.
(2009)]. Here, BL ’FL*/C

0 [for small T* from Eq. (4b)];
since C0 is specified, the intermodel differences in BL are
the consequence of intermodel differences in the fluxes.
The lowest value ofBL in the NorESM-ME andCESM1-
BGC models are consistent with their nitrogen con-
straints on terrestrial photosynthesis, which reduces
the strength of their CO2 fertilization effect (Thornton
et al. 2009; Bonan and Levis 2010).
For the oceans FO approaches a constant value

(Fig. 1d) associated with a decrease in BO, with in-
creasing CO2, as a consequence of the transport of
carbon from the surface to the deep ocean failing to
match the rate of increasing atmospheric CO2. As well,
the ocean’s buffering capacity declines, leaving a greater

FIG. 3. Components of the atmospheric carbon budget of the participating nine models based on (a) Eq. (7) and
(b) Eq. (10) using results from the fully coupled 1%yr21 increasing CO2 simulation. The terms are based on
cumulative fluxes at the time of CO2 quadrupling 140 yr after the start of the simulation. Themodels are arranged in
a descending order based on their cumulative emissions values. In panel (a) carbon uptake by land and ocean
components and diagnosed cumulative emissions and in panel (b) the airborne fraction and fraction of emissions
taken up by land and ocean are also noted for individual models.
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Common Myth #2 
“When we reduce or stop the burning of fossil fuel, 
the CO2 will go away and things will go back to 
normal”  

CO2 from fossil fuel will react 
with oceans, but only as fast as 
they “mix” 
 
Eventually, fossil CO2 will 
react with rocks 
 
About 1/3 of today’s 
emissions will stay  
in the air permanently! 

At about the same time as the first accurate pCO2 measurements, Revelle and Suess
(1957) showed that the uptake of CO2 into seawater is enhanced by carbonate buffer
chemistry, but only one tenth as strongly as might be naively inferred from the relative
concentrations of carbon in the air and in the water. Most of the carbon dissolved in
seawater is in the form of bicarbonate, rather than in the form of carbonate ion, which reacts
to buffer CO2 invasion. In the model results presented below, we will see that the CO2

uptake capacity of the ocean diminishes with increasing CO2 release, because of the
depletion of the carbonate ion content of the ocean.

To makematters worse, the rate of CO2 uptake by the oceans is much slower than might be
inferred from the large surface area of the oceans. Only a small area of the ocean
communicates with the largest “pool” of water, the deep sea. Therefore the equilibration time
between the atmosphere and the ocean is several centuries, much longer than one might
naively expect by simply looking at a globe, or at a “blue planet” photograph from space.

Carbon cycle models respond to a release of new CO2 into the atmosphere in a series of
several well-defined stages lasting for many millennia (Fig. 1; Archer et al. 1998; Broecker
and Takahashi 1978; Caldeira 1995; Caldeira and Rau 2000; Sundquist 1990; Sundquist
1991; Tans and Bakwin 1995; Walker and Kasting 1992). The CO2 in the atmosphere
through this time will not consist of the exact same CO2 molecules emitted from fossil fuel
combustion, because of the copious exchange of carbon with the ocean and the land
surface. However, the CO2 concentration in the air remains higher than it would have been,
because of the larger inventory of CO2 in the atmosphere/ocean/land carbon cycle.

We present a summary of long-term carbon cycle models from the recently published
literature (Table 1). Some of the models are more detailed than others, and the models make
different assumptions about the responses of the terrestrial biosphere, and the ocean
circulation, to climate changes. We also show new results from the CLIMBER model (Fig. 2).

The model results are sorted according to the amount of CO2 released, into “Moderate”
and “Large” CO2 slugs. Moderate is 1,000–2,000 gigatons of carbon (Gton C), while Large
is 4,000–5,000 Gton C. For comparison, the IPCC business-as-usual scenario (SRES A1B)
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Fig. 1 Schematic breakdown of the atmospheric lifetime of fossil fuel CO2 into various long-term natural
sinks. Model results from Archer (2005)
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The millennial atmospheric lifetime
of anthropogenic CO2
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Abstract The notion is pervasive in the climate science community and in the public at
large that the climate impacts of fossil fuel CO2 release will only persist for a few centuries.
This conclusion has no basis in theory or models of the atmosphere/ocean carbon cycle,
which we review here. The largest fraction of the CO2 recovery will take place on time
scales of centuries, as CO2 invades the ocean, but a significant fraction of the fossil fuel
CO2, ranging in published models in the literature from 20–60%, remains airborne for a
thousand years or longer. Ultimate recovery takes place on time scales of hundreds of
thousands of years, a geologic longevity typically associated in public perceptions with
nuclear waste. The glacial/interglacial climate cycles demonstrate that ice sheets and sea
level respond dramatically to millennial-timescale changes in climate forcing. There are
also potential positive feedbacks in the carbon cycle, including methane hydrates in the
ocean, and peat frozen in permafrost, that are most sensitive to the long tail of the fossil fuel
CO2 in the atmosphere.

1 Introduction

The ocean contains 50 times more dissolved oxidized carbon than the atmosphere does, and
70% of the surface of the earth is covered by ocean. For these reasons, the prevalent
opinion among earth scientists in the early twentieth century was that the oceans would
prevent industrial activity from increasing the pCO2 of the atmosphere. This view prevailed
until precise measurements of free-atmosphere pCO2 values showed an increasing trend of
(at that time) 0.8 ppm yr−1 (Keeling 1961).
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Long Tail  
Depends on 

Pulse Size 
•  Larger pulses 

leave much more 
work for the 
slower sinks 
thousands of 
years from now 

•  A2 is on track to 
exceed 5000 GtC 

•  B1 is intermediate 

winds up releasing about 1,600 Gton C to the atmosphere by the year 2100. Business-as-
usual to 2100 is generally considered to be a large carbon release, rather than moderate, but
it is actually moderate relative to the available coal deposits, which total about 5,000 Gton
C (Rogner 1997). Frozen methane hydrate deposits in the ocean may contain another
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Fig. 2 A response of
CLIMBER-2 model (Brovkin et
al. 2002; Brovkin et al. 2007;
Ganopolski et al. 1998) to
Moderate (1,000 Gton C) and
Large (5,000 Gton C) fossil fuel
slugs. The equilibrium climate
sensitivity of the model is 2.6°C.
Temperatures were smoothed
with a 250 filter to eliminate a
spurious fluctuation of Antarctic
sea ice caused by the low model
resolution. The land carbon cycle
was neglected in these simula-
tions while deep sea sediments
were explicitly simulated using a
sediment diagenesis model
(Archer 1991). a Emissions
scenarios and reference IPCC
SRES scenarios (B1 and A2).
b Simulated atmospheric CO2

(ppmv). c Simulated changes in
global annual mean air surface
temperature (°C)

Table 1 Model characteristics

Changing
ocean
circulation

Carbon uptake
by terrestrial
biosphere

Sediments Weathering
feedback

Dimension

CLIMBER Yes Disabled Yes Yes 2D atmosphere/ocean,
zonal mean seafloor

(Archer 2005) No No Yes No 3D ocean, 2D seafloor
(Lenton and
Britton 2006)

No Yes Yes Yes Box ocean, box
seafloor

(Ridgwell and
Hargreaves 2007)

Yes Yes Yes Yes 3D ocean, 2D seafloor

(Tyrrell et al. 2007) No No Yes No Box ocean, box
seafloor

(Goodwin et al. 2007) No No No No 3D ocean
(Eby et al., in preparation) Yes Yes Yes Yes 3D ocean, 2D seafloor

Climatic Change (2008) 90:283–297 285

Long Tail Intercomparison A
N

RV
374-E

A
37-06

A
R

I
23

M
arch

2009
11:13

Atmospheric CO2 for a 1000 Pg pulse

Atmospheric CO2 for a 5000 Pg pulse

Time (year)

300

400

500

600

700

CO
2 (

pp
m

v)
CO

2 (
pp

m
v)

0 200 400 600 800 1000 2000 4000 6000 8000 10,000
Time (year)

0 200 400 600 800 1000 2000 4000 6000 8000 10,000

Time (year)
0 200 400 600 800 1000 2000 4000 6000 8000 10,000

Time (year)
0 200 400 600 800 1000 2000 4000 6000 8000 10,000

1000_CS 
1000_C 
1000 

MESMO 
LTCM 
GENIE-16 
GENIE-8 
UVic2.8 

GEOCYC    
CC_SED    
CLIMBER   
MPI-UW   

0

20

40

60

80

100

Em
is

si
on

s r
em

ai
ni

ng
 (%

)
Em

is
si

on
s r

em
ai

ni
ng

 (%
)

1000_CSWV  
1000_CSW 
1000_CS MPI-UW   

LTCM 
GENIE-16 
GENIE-8 
UVic2.8 

GEOCYC    
CC_SED    
CLIMBER   

0

500

1000

1500

2000

2500

5000_CS 
5000_C 
5000 

MESMO 
LTCM 
GENIE-16 
GENIE-8 
UVic2.8 

GEOCYC    
CLIMBER   
MPI-UW   

0

20

40

60

80

100

5000_CSWV 
5000_CSW 
5000_CS MPI-UW   

LTCM 
GENIE-16 
GENIE-8 
UVic2.8 

GEOCYC    
CLIMBER   

Experiments Models

Experiments Models Experiments Models

Experiments Models

Original CO2 concentration Original CO2 concentration

Original CO2 concentration Original CO2 concentration

w
w

w
.annualreview

s.org
•

Lifetim
eofFossilFuelC

O
2

125

Annu. Rev. Earth Planet. Sci. 2009.37:117-134. Downloaded from arjournals.annualreviews.org
by UNIVERSITY OF CHICAGO LIBRARIES on 04/28/09. For personal use only.

industrial 
revolution 

you are 
here 

C
O

2 
(p

pm
) 

Common Myth #2 
“When we reduce or stop the burning of fossil 

fuel, the CO2 will go away and things will go 
back to normal”  CO2 from fossil fuel 

will react with oceans, 
but only as fast as 
they “mix” 
 
Eventually, fossil CO2 
will react with rocks 
 
Much of  the CO2 we 
emit now will stay in 
the air for many 
thousands of  years! 

Calculation using 
ATS760 toy model 

Continental Ice Sheets 
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