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The Global Carbon Cycle 

Humans 

Atmosphere 

800+ 5/yr 

Ocean 

38,000 

Land 

2000 

~90 

~120 

~120 
10 GtC/yr 

~90 

About half  the 
CO2 released 
by humans is 
absorbed by 
oceans and 
land 

“Missing” 
carbon is 
hard to find 
among 
large 
natural 
fluxes 

Carbon Sources and Sinks 
•  Half the carbon from 

fossil fuels remains in the 
atmosphere 

•  The other half goes into 
land and oceans 

•  Land sink was 
unexpected is very noisy, 
and remains unreliable in 
future 

•  Future of carbon sinks is 
much harder to predict 
than temperatures 

Global Carbon Project 

Where Has All the Carbon Gone? 

•  Into the oceans 
–  Solubility pump (CO2 very soluble in cold water, but rates 

are limited by slow physical mixing) 
–  Biological pump (slow “rain” of organic debris)  

•  Into the land 
–  CO2 Fertilization  

(plants eat CO2 … is more better?) 
–  Nutrient fertilization  

(N-deposition and fertilizers) 
–  Land-use change  

(forest regrowth, fire suppression, woody encroachment 
… but what about Wal-Marts?) 

–  Response to changing climate  
(e.g., Boreal warming) 

The 
Oceans 
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Planetary 
Titration Three equations (equilibria) in five unknowns 

Carbonate Equilibria in Solution 

Add two more constraints 
(Titration Alkalinity) 

(Boric acid dissociation) 

(Salinity) 

The “Revelle Factor” 
•  As CO2 is added to the 

atmosphere, CO3
2- is 

consumed to form additional 
HCO3

- 
 

•  As CO3
2- becomes more 

scarce, Revelle factor 
increases, severely limiting 
capacity of ocean to absorb 
more CO2  
 

•  At very high pCO2, pH 
decreases enough that 
sedimentary CaCO3 
dissolves, providing CO3

2- 
and decreasing R again 

Vertical Structure of the Oceans 

•  Warm buoyant “raft” floats at surface 
•  Cold deep water is only “formed” at high latitudes 
•  Very stable, hard to mix, takes ~ 1000 years! 
•  Icy cold, inky black, most of the ocean  

doesn’t know we’re here yet!  

sfc 

4 km 
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Observing the Deep Ocean WOCE/JGOFS/OACES Global Survey Data

Anthropogenic DIC 

•  Estimated from total observed 
DIC using stoichiometry  

•  Most anthropogenic DIC 
confined to top few 100 m 

•  “Shoaling” in tropics, 
convection at higher latitudes 

•  Some “contamination” of 
bottom water in Atlantic  
(both hemispheres) 

(Feeley et al, 2001) 

The “Solubility Pump” 

•  CO2 is highly soluble in 
cold high-lat waters 

•  Transported to deep 
ocean by convection 
and isopycnal mixing 

•  Dynamically-driven 
equatorial upwelling 
brings high-CO2 water 
to surface 

•  Atmospheric transport 
closes the loop 

CO2 solubility in seawater  
depends sensitively on SST  
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Biological Pump Ocean Acidification 

Feeley et al, 2004 

The Land Leaf Anatomy 

Stomate 
(pl. stomata) 
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Carbon and Water 
•  Plants eat CO2 for a 

living 
•  They open their 

stomata to let CO2 in 

•  Water gets out as an 
(unfortunate?) 
consequence 

•  For every CO2 
molecule fixed about 
400 H2O molecules 
are lost 

Carbon Storage & Turnover  
in Land Ecosystems 

•  Photosynthesis converts 
inorganic gas into living 
plants 

•  Plants die and become 
“litter” 

•  Microbes eat litter and 
poop soil carbon  

•  Soil carbon is eventually 
also eaten by microbes, 
but some lasts for many 
centuries 

Net Primary Production and mean residence times of 
carbon determines source/sink potential of ecosystems 
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Where r is the 
fractional 
perturbation to 
NPP or MRT with 
units (1/time) 

0NPPrtdC b≈
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CO2 Fertilization 

•  Increasing plant growth (NPP) due to enhanced 
atmospheric CO2 

•  Delayed increased respiration (residence time) 
•  Spatial pattern follows both NPP and residence τ 

Friedlingstein et al, 1995 

τ"
sink 

Free Air Carbon Enrichment (FACE) 

•  Fumigation rings 
maintain steady 
levels of elevated 
CO2 in canopies 
under changing 
weather 
conditions 

•  Control and 
replicated 
treatments test 
effects of CO2, 
water, N, etc 

Disturbance 

57-year-old 

1988 2000 1949 Planted 
30-35      3-8 Height (m) 0.8 

6-year-old 
18-year-old 

Disturbance and Recovery 
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Fluxnet-Canada Annual Carbon Budgets 
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Agricultural  
Development & Abandonment 

•  Land clearing in 
18th and 19th 
centuries released 
large amounts of  
CO2 to atmosphere 

•  Shift of  agriculture 
to Midwest and 
California in 20th 
century 

•  Regrowing forests 
are a carbon sink 

ED model result: Moorcroft et al (2001) 

Forest Inventory Sampling 

USDA Forest Service measures hundreds of thousands of plots!  

Year Two 

Year Three 

Year Four 

Year Five 

Five-Year Panel: 

Year One 

USDA Forest Service FIA Plots 

•  6000 acre grid cells 
•  1 plot per grid cell 
•  >800K plots 
•  each plot visited every 5 
(east) or 10 (west) years 
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Average annual live tree C stock change by county, 

estimated from FIA data  

MgC/ha/yr 

Courtesy of Linda Heath, USFS 

The 
Atmosphere 

Atmospheric CO2  
Observations (in-situ) 
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Atmospheric CO2 Observations 

OCO-2 Mission: Column CO2 from Space Inverse Modeling of CO2 

Air Parcel Air Parcel 

Air Parcel 

Sources Sinks 

transport transport 

 

∂

∂t
(ρC) = −∇ ⋅ (ρC

!
V ) + SC

(model) (solve for) 
concentration transport sources and sinks 
(observe) 

Sample Sample 
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CarbonTracker 
• Wouter Peters, Andy Jacobson, Ken Masarie, Pieter Tans, 
Colm Sweeney, Arlyn Andrews, Lori Bruhwiler, John Miller, 
Gaby Pétron, Adam Hirsch, Tom Conway, Maarten Krol, Guido 
van der Werf, Jim Randerson, Paul Wennberg  

CarbonTracker 
Result 

Weekly gridded 
product at 1x1 
degree with error 
estimate 

Fossil Fuel Emissions FF By Country 
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FF per Capita Carbon-
Climate 

Feedback 

•  Coupled simulations of climate and 
the carbon cycle (CMIP3, C4MIP) 

•  Given nearly identical human 
emissions, different models project 
dramatically different futures! 

•  Mostly depends on CO2 fert & temp 

Land

Ocean

Atmosphere

30
0 

pp
m

! 

Carbon-Climate Futures 
Friedlingstein et al (2006) 

Even Worse in CMIP5 ! 

•  Hoffman et al 
(2014) 

Journal of Geophysical Research: Biogeosciences 10.1002/2013JG002381

Projections for Individual CMIP5 Models
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Figure 8. (a) and (c) CO2-induced radiative forcing and temperature change computed from the prognostic atmospheric CO2 mole fraction for each of the CMIP5 models. (b) and (d)
Corresponding radiative forcing and temperature change for the multimodel mean and contemporary CO2 tuned model (CCTM). The pink range surrounding the CCTM represents
the uncertainty propagated from the 95% confidence interval from the linear model for the CCTM atmospheric CO2 trajectory. The blue range surrounding the multimodel mean
represents the uncertainty propagated from the 95th percentile of the range for the standard deviation of the multimodel mean atmospheric CO2 trajectory.

structure and large-scale circulation have the potential to limit CO2 uptake by the oceans and are likely to
contribute to a persistent atmospheric CO2 bias over time because many of the physical processes regulat-
ing mixing are unlikely to change rapidly. Biases in atmospheric CO2 caused by this type of mechanism likely
grow through time as the atmospheric CO2 growth rate accelerates and transport of carbon out of the mixed
layer becomes an increasing bottleneck to net ocean carbon uptake. Our finding that many models under-
estimated the ocean anthropogenic carbon inventory (Figures 3 and S2) is consistent with other studies
indicating some ocean models exhibit weak meridional overturning circulation [Downes et al., 2011; Sallée
et al., 2013]. However, additional research is needed to understand the causes of model-to-model variations
in ocean carbon uptake for the CMIP5 models.

On land, similar deficiencies in model structure have the potential to contribute to persistent multidecadal
biases in carbon fluxes. Key regulators of carbon uptake on land in response to elevated levels of atmo-
spheric CO2 include, for example, the response of gross primary production (GPP) to CO2 concentration,
the allocation of GPP to longer lived woody pools, and subsequent increases in soil organic matter pools
[Thompson et al., 1996; Luo et al., 2006]. Carboxylation parameterizations of Rubisco often follow the form of
a modified Michaelis-Menten equation [Farquhar et al., 1980] and vary considerably among models. Models
that have lower estimates of the maximum carboxylation rate in different biomes, in response to nitrogen
limitation (e.g., Thornton et al. [2007]) or other factors, are likely to have smaller CO2-driven increases in GPP
by the end of the twentieth or 21st centuries. Similarly, models that have reduced allocation of GPP to wood
pools will also have lower rates of carbon uptake, given the same trajectory of GPP increases. Since in many
models, the maximum carboxylation rate is either held constant or unlikely to rapidly change in response
to changing environmental conditions, this parameterization can induce a long-term bias in carbon fluxes.
The same argument applies to allocation submodels: although many plant allocation models are dynamic
[Friedlingstein et al., 1999; Arora and Boer, 2005; Litton et al., 2007] and respond to regional variations in light
availability, soil moisture, and other environmental controls, many aspects of these models are unlikely

HOFFMAN ET AL. ©2013. The Authors. 156

•  More processes (land use, 
regrowth, nitrogen, fire) 

•  Now more than 350 ppm 
spread in CO2! 

•  For identical emissions, 
radiative forcing varies by 
almost 2 W m-2 (more than 
RCP 4.5 vs RCP 6) 

•  Warming varies by 1.5 °C 
(comparable to spread in 
physical climate) 

•  Carbon cycle impacts climate 
uncertainty as much as 
clouds or people! 
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Future vs. Contemporary Atmospheric CO2 Mole Fraction
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Figure 4. (a) Future (2060) versus contemporary (2010) atmospheric CO2 mole fraction fit for CMIP5 emissions-forced simulations of
RCP 8.5 and (b) future (2100) versus contemporary (2010) atmospheric CO2 mole fraction for the same set of model simulations. The
observed atmospheric CO2 mole fraction is represented by the vertical line at 384.6 ppm with an uncertainty range (±0.5 ppm) shown
in gray. The linear regression model is represented by the blue line surrounded by red dashed lines indicating a 95% confidence interval.
While a point is plotted for the historical observed atmospheric CO2 and the RCP 8.5 concentration trajectory derived from a reduced
form model without explicit feedbacks, that point is not included in the linear regression.

4. Discussion
4.1. Why Do Carbon Cycle Biases Persist on Decadal Timescales?
In our analysis, we found that the ordering among model predictions of atmospheric CO2 persisted for sev-
eral decades. Models that had the highest positive biases near the end of the observational record in 2010
were more likely to have higher positive biases in earlier decades, during the latter half of the twentieth cen-
tury (Figures 1 and 8). Similarly, this same set of models also had the highest set of future atmospheric CO2

projections during the middle and latter half of the 21st century in response to RCP 8.5 emissions (Figure 4).
Many structural model elements probably contributed to this bias and ordering persistence, including pro-
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Figure 5. The coefficients of determination (R2) for the multimodel bias structure, from which the contemporary CO2 tuned model
(CCTM) was derived, relative to the set of CMIP5 model atmospheric CO2 mole fractions (black) and oceanic (blue) and land (green)
anthropogenic carbon inventories in 2010, defined as the 5 year mean for the period 2006–2010.
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Past as Prelude 

•  Hoffman et al 
(2014) 

•  Models that 
underpredict 
contemporary CO2 
also predict low CO2 
in the future, and vice 
versa 

•  Evaluation of  past 
carbon cycle 
simulations constrain 
future feedback  

Carbon Constraint 

•  Hoffman et al 
(2014) 

Journal of Geophysical Research: Biogeosciences 10.1002/2013JG002381

Contemporary CO2 Tuned Model (CCTM)
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Figure 6. The contemporary CO2 tuned model (CCTM) atmospheric CO2 mole fraction estimate compared to the CMIP5 multimodel
mean trajectory. The pink range surrounding the CCTM represents the 95% confidence interval from the linear model around the con-
temporary observation projected onto the y axis of historical or future CO2 mole fractions for every year. The blue line represents the
multimodel mean CO2 trajectory, and the blue range indicates the 95th percentile of the range for the multimodel standard deviation,
assuming a normal distribution (1.96 !).

cesses that influence the strength of concentration-carbon feedbacks. One important example includes
the representation of ocean mixing processes that regulate the formation of intermediate and deep waters
in the ocean. Past work from analysis of 13 simulations from the second phase of the Ocean Carbon Cycle
Model Intercomparison Project indicated that climate models often underestimate this overturning in the
Southern Ocean [Doney et al., 2004; Matsumoto et al., 2004; Dutay et al., 2002]. In addition, Russell et al. [2006]
performed an intercomparison of the Southern Ocean circulation in CMIP3 control simulations and found
that the maximum wind stress in the Southern Hemisphere, nominally associated with the Antarctic Cir-
cumpolar Current, was located too far equatorward in most models. In ESMs, such deficiencies in model
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Figure 7. The probability density of CO2 mole fraction predictions from the CCTM peaks lower than the probability density for multi-
model mean for (a) 2060 and (b) 2100. In addition, the width of the probability density is much smaller for the CCTM, by almost a factor
of 6 at 2060 and almost a factor of 5 at 2100, indicating a significant reduction in the range of uncertainty for the CCTM prediction.
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Predicted CO2 in 2100  
(identical emissions) 

•  Fivefold reduction in model spread in 2100 

•  No mechanism … simple scalar multiplication of  sinks 

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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Key result of   
Gregory et al (2009) 

•  Carbon feedbacks are 
strongest and most 
uncertain of  all feedback 
processes in climate system 

2.5 2.5 = 5 billion tons go out 

Ocean Land Plants and soils (net) 

Fossil Fuel 
Burning 

+ 

10 

800 
billion tons carbon 

5 
billion  
tons go in 

ATMOSPHERE 

billion tons added 
every year 

CO2 “Budget” of the World 

Climate forcing comes from the water,  
not from the faucet! 
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http://ngm.nationalgeographic.com/big-idea/05/carbon-bath 

John Sterman, MIT 

Bathtub Drainage 

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 Long Tail 
•  Three additive 

exponentials 

•  Fast, 
medium, 
slow 

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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Can’t fit sum of  exponentials with a  
single “atmospheric lifetime” 
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Duration depends on size of pulse 

~ RCP 4 

> RCP 8 

Summary 
•  Emissions of CO2 by global industry are part of 

a much bigger biogeochemical cycle of 
carbon 

•  About half of anthropogenic CO2 emissions 
are removed from the atmosphere by 
perturbations to natural biogeochemistry that 
are not completely understood 

•  Uncertainties in future human emissions and 
in the response of global biogeochemistry to 
changing climate are among the leading 
sources of uncertainty in predictions of 21st 
century climate 

•  Some anthropogenic CO2 lasts for millennia 
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