
Peter Cox (CEH)
Chris Jones (Hadley Centre) 

Chris Huntingford (CEH)

CONDITIONS FOR POSITIVE FEEDBACKS 
FROM THE LAND CARBON CYCLE

With special thanks to: 
Richard Betts, Ian Totterdell, Matt Collins (Met Office, Hadley Centre)



Estimated Global Carbon Balance for 1990s
(IPCC TAR)

Atmospheric Increase =   3.2 +/- 0.1 GtC/yr      (50%)

Emissions (fossil fuel, cement)  =   6.4 +/- 0.4 GtC/yr   (100%)

Ocean-atmosphere flux              =  -1.7 +/- 0.5 GtC/yr     (27%)

Land-atmosphere flux                =  -1.4 +/- 0.7 GtC/yr     (22%)

Will the airborne fraction of emissions stay close to 
50% as the  climate changes ?



Motivating Questions

• How will the land carbon cycle respond to climate change ?



Dynamic Global Vegetation Model
Intercomparison Project

(Cramer et al., 2001)

Important areas of qualitative agreement :

climate change 
will suppress 

land carbon uptake

CO2 increase 
will enhance 

land carbon uptake

Net effect is reduced 
land uptake from 

mid-century onwards 

..but, little quantitative agreement even under a single 
climate change scenario….

Model Mean



Motivating Questions

• How will the land carbon cycle respond to climate change ?

• Is there a threshold in the response of the land carbon cycle 
corresponding to “dangerous interference” in the climate 
system ?



Hadley Centre climate-carbon GCM simulation shows climate 
change suppressing land carbon uptake…..



Simulated Land Carbon Stores at 2100 as a Function of CO2 Scenario



Simulated Land Carbon Stores at 2100 as a Function of CO2 Scenario

Land carbon storage maximum 
at about 550ppmv, but drops 
off abruptly from then on.



Motivating Questions

• How will the land carbon cycle respond to climate change ?

• Is there a threshold in the response of the land carbon cycle 
corresponding to “dangerous interference” in the climate 
system ?

• What does the threshold in the response of the land carbon 
cycle depend upon ?



Land Carbon Balance (IPCC TAR)

Land carbon storage is in the form of 
live vegetation (~600 GtC), 
litter/detritus (~300 GtC), and soil 
carbon pools with differing timescales 
(~1200 GtC) .

The input carbon flux to these stores is 
via Photosynthesis / Gross Primary 
Productivity (~120 GtC/yr)

Output fluxes include plant 
(autotrophic) respiration (~60 GtC/yr), 
soil (heterotrophic) respiration (~55 
GtC/yr) and combustion (~4 GtC/yr). 



Conceptual Land Carbon Balance Model

We simplify by considering the total 
terrestrial carbon store, and just the 
two largest competing fluxes:

Growth (Gross Primary Productivity)

Respiration (soil and vegetation)

Gross Primary  Productivity Respiration

Terrestrial
Carbon



Conceptual Model for Primary Production

• Primary production depends on 
climate and CO2.

• Primary production saturates at 
high CO2.
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Conceptual Model for Respiration

Temperature Increase, ∆T
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Respiration is assumed to 
depend on temperature and land 
carbon.

Respiration per unit land carbon 
increases by factor q10 for every 
10oC warming.



Dependence of Temperature on CO2
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∆T=∆T2xCO2

Global warming varies 
logarithmically with CO2 
concentration (at equilibrium).

The magnitude of warming is 
determined by the “climate 
sensitivity to doubling CO2”, 
∆T2xCO2

1xCO2
2xCO2



Understanding the Response of Land 
Carbon to CO2-induced climate change

• Solve conceptual model for the equilibrium land carbon 
storage, using these simple forms for:

climate .vs. CO2
GPP .vs. CO2 and T
Respiration .vs. T

• Examine how land carbon storage varies with CO2
concentration, and the unknown system parameters           
(∆T2xCO2, q10, C0.5, f(T)).

• Is there a CO2 concentration beyond which the land carbon 
begins to decrease ?



The Control Parameter for Land Carbon Storage

The conceptual model yields a effective parameter that controls the overall 
sensitivity of land carbon to CO2 increase (α*), itself dependent on:

climate sensitivity to CO2
soil respiration sensitivity to climate
GPP sensitivity to climate
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Land Carbon Storage as a function of CO2

Only intermediate values of α∗ show sink-to-source transition in the next century

α∗ > 0.6 is inconsistent with
current land carbon sink

LAND CARBON SINK

LAND CARBON SOURCE



This means there will always be a critical CO2 concentration beyond 
which the land becomes a carbon source, as long as:

(i) C0.5 is finite, i.e. CO2 fertilisation of photosynthesis saturates at 
high CO2

(ii)    α* > 0, which requires; 

(a) climate warms with increasing CO2

(b) respiration increases more rapidly with temperature than GPP.

Where is the threshold ?  

Conditions for Sink-to-Source Threshold 
in the Land Carbon Cycle



Critical CO2 for sink-to-source transition versus α

α= ∆T2xCO2 / 10 . log q10 / log 2  
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Π = Πmax Ca / (Ca + C0.5)

Π = Π0 [1 + β log (Ca/Ca0)]



Critical CO2 for sink-to-source transition versus α

q10=2, ∆T2xCO2=4.5

q10=2, ∆T2xCO2=1.5 Π = Πmax Ca / (Ca + C0.5)

Π = Π0 [1 + β log (Ca/Ca0)]

Climate sensitivity to CO2 is a key uncertainty



q10=2, ∆T2xCO2=4.5

q10=2, ∆T2xCO2=1.5 Π = Πmax Ca / (Ca + C0.5)

Π = Π0 [1 + β log (Ca/Ca0)]

Critical CO2 for sink-to-source transition versus α

Threshold CO2 drops rapidly with increasing climate sensitivity



Estimates of the Probability Density Function of
Climate Sensitivity

Murphy et al., 2004



Conclusions

• How will the land carbon cycle respond to climate change ?

Global Vegetation Models indicate that climate change will reduce 
the fraction of CO2 emissions which are taken-up by the land. 

This has implications for the emissions cuts required for stabilisation 
at a given level (see talk by Chris Jones on Tuesday).

• Is there a threshold in the response of the land carbon cycle 
corresponding to “dangerous interference” in the climate system ?

The Hadley Centre climate-carbon cycle model simulates a “sink-to-
source” threshold at about 550ppmv.

The location of this threshold can be understood using  a conceptual 
land carbon balance model



Conclusions Cont.
• What does the threshold in the response of the land carbon cycle

depend upon ?

Climate sensitivity to CO2  
(..high climate sensitivity brings the threshold CO2 concentration to lower values)

The sensitivity of soil decomposition (and photosynthesis) to climate.

The response of photosynthesis to CO2

• So what ? 

The land is likely to take-up a smaller and smaller fraction of 
emissions as the climate warms, and may even become a net CO2
source in the next  50 years.

There is almost a “sink-to-source” threshold in the land carbon cycle 
uncertain but needs to be considered if we are to avoid dangerous 
anthropogenic interference in the climate system.



THE   END !



CO2 Concentration (measured at Mauna Loa on Hawaii) 
increased from 318 ppmv in 1960 to 376 ppmv in 2003



Atmospheric CO2

concentration 
is increasing at about 

half the rate of 
CO2 emissions

Fossil Fuels

Land-use Change

2 ppmv/yr

Total4 ppmv/yr



General Condition for Sink-to-Source Threshold 
in the Land Carbon Cycle

Land becomes a carbon source beyond a critical CO2 concentration:

Critical CO2 concentration depends on:
climate sensitivity to CO2

soil respiration sensitivity to climate
growth sensitivity to climate

growth sensitivity to CO2



Motivating Questions

• How will the land carbon cycle respond to climate change ?

• Is there a threshold in the response of the land carbon cycle 
corresponding to “dangerous interference” in the climate 
system ?

• What does the threshold in the response of the land carbon 
cycle depend upon ?

• What are the key uncertainties ? 



q10 constraint from ENSO sensitivity

• q10 is the factor by which 
soil respiration is assumed 
to increase for each 10oC 
warming.

• Model with q10=2 has 
realistic sensitivity to ENSO.

• Reconstructions for range of 
q10.

• Infer q10=2.1±0.7.

Jones et al., 2003
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Comparison of Trends in Amazon Rainfall and E-W Pacific 
SST Gradient amongst the CMIP GCMs

Models are ranked
according to their
ability to reproduce the
observed correlation 
between SST Gradient
and Amazon rainfall
(-0.63 mm/day/K)

HadCM3LC


