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How much anthropogenic carbon stays in the 
atmosphere ?

=> Airborne fraction (C.D. Keeling, 1973)

Canadell et al. 2007, PNAS
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C Carbon in the 
Atmosphere

FF  fossil fuel 
emissions

LU Carbon flux to 
Atm. due to 
land use change



Recent statements from high-profile publications

A. Positive trend in AFFF+LU
<=> decreasing trend of carbon ‘sink efficiency’
<=> positive carbon cycle - climate feedback
Canadell et al. PNAS, 2007, Raupach et al.  2008, LeQuere et al. 
Nature Biogeoscience, 2009

B. Constancy of AF fundamental property of system
Knorr Geophys Res. Lett. 2009

C. Globally Carbon emissions accelerating
Raupach et al. 2007



Anthropogenic forcing
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(Marland et al. 2006, updated)
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Airborne fraction predictions



‘Sink efficiency’ and linear models of the carbon cycle

Efficiency=
effect
cause

Here:    cause = atmospheric carbon perturbation
effect = carbon flux out of atmosphere to 

ocean and land carbon pools

‘Constant sink efficiency’ <=>

with ;   t oc
-1,t ld

-1 ‘sink efficiencies’
,     atmosphere-ocean /-land C fluxes   

anthropogenic perturbation of 
atmospheric carbon

t oc = const, t ld = const



Most simple linear model

with                                           ‘s’ stands for system

Solution
G(t,t') = e
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G(t,t’) ‘Greens function’

G = Gland ×Goc, Goc(t,t') = a jn=1
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model easily generalizable to multi-pool linear carbon cycle 
models by using multi-pool Greens function

results very similar to the ones presented here



Airborne fraction for simple cases

and thus

(ii) 

(iii) fFFet /t FF + fLUet /t LU

(i) Flux to atmosphere                                          ,

subscript stands for forcing, then 
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t f/t s=20/45=0.44

t f/t s=40/45=0.88

t f/t s=20/4.5=4.44



=>Near constancy of AF reflects approximate exponential 
fossil fuel emissions’ rise, i.e. not fundamental system 
property (Bacastow  and Keeling 1979)

� Association between positive trend in AF and decrease 
in carbon sink efficiency does not hold 

� Need to remove variations in AF due to spin-up time 
effect and deviations from exponential function of 
anthropogenic emissions from AF if one wants to de-
tect potential trends in sink efficiency from observed AF  

� Need an evolution equation for AF given anthropo-
genic fluxes



AF time evolution for actual anthropogenic 
fluxes to the atmosphere

From the general solution for our simple model 
we can derive a differential equation for AF

� Relative growth rate of anthropogenic emissions  
and relative changes in system response time-scale 
t s control variations in AF 

� Permits to predict AF variations by time-stepping  
equation using estimates of fossil fuel emissions 
and land use change 



Fossil fuel Emission’s 
Relative Growth Rate 

RGRº
1

FF
dFF
dt

(yr- 1)

t s = 37.5 yr from least squares minimization



Focus 1959 
to present

• Strong observed inter-annual variation missing in predicted AF
(as these due to non-anthropogenic forcings - e.g. volcanoes)

• Residuals exhibit a trend - evidence for sink efficiency decrease ?



� Least squares estimation of  flux corrections  such 
that predicted and observed AF match and analyse 
them

• One event (2002/2003) we cannot currently attribute to either 
external forcing or  omissions in land use change fluxes
• Trend in residuals disappears

D
f (

P
gC

 y
r-1

)



Signal to noise 
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t s(t) =
37.5yr for t <1959

37.5yr ± 0.5* (t - 1959) for t >1959
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Conclusions

• Approximate constancy of AF due to approximate 
exponential increase of fossil fuel emissions 

• No association between positive trend in AF and          
negative trend in sink efficiency

• May account for spin-up time and exponential growth 
rate deviations using predictive equation for AF 

=> no evidence for long-term decreasing trend in 
sink efficiency - potential exception: 2002/3 event

• trends in AF not very good diagnostic because 
complicated signal and S/R quite small





Fat® ld ,Fat® oc =

Land Veg and Ocean GCM -  forced by const climate

Land Veg and Ocean GCM- forced by 20th cent.climate

C(t) - C(1765)
t ld

,
C(t) - C(1765)

t oc

respectively
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Comparison with LeQuéré et al. 2009

AF =

dC
dt

FF + LU
=

FF + LU - Fat® ld - Fat® oc

FF + LU
=1-

Fat® ld + Fat® oc

FF + LU

Three flux predictions

from fluxes calculate AF according to
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AF predictions
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Comparison with observations
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ElNinos



Linear and const climate models very similar

Linear and const climate models under-predict - changing 
climate model over-predict

-> detectability …

Linear and const climate models underpredict /overpredict 
for ElNino’s

Can discard Pinatubo and Peat burning events because non
anthropogenic extrinsic forcing or omission in land use fluxes

Main potential non-linear event - 2002/3 event
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what about ‘peak oil’ ?
Raupach et al. 2007 PNAS







Typical Predictions of reserves

Years of production left
Oil                    45
Gas                  72
Coal               252

US government 
predictions for oil 
Production

‘Hubbert Curve’


