ATS 760 Global Carbon Cycle

Overview of the Contemporary Carbon Cycle

The Global Carbon Cycle
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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
Global Carbon Project

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

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)
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Carbonate Equilibria in Solution

Vertical Structure of the Oceans

Three equations (equilibria) in five unknowns

sfc

Add two more constraints

4 km
(Titration Alkalinity)

•
•
•
•

(Boric acid dissociation)

(Salinity)

Observing the Deep Ocean
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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!

WOCE/JGOFS/OACES Global Survey Data
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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)

The Land

(Feeley et al, 2001)

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
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Carbon Storage & Turnover
in Land Ecosystems

sink
τ

Friedlingstein et al, 1995

• Increasing plant growth (NPP) due to enhanced
atmospheric CO2
• Delayed increased respiration (residence time)
• Spatial pattern follows both NPP and residence τ
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NPP or MRT with
units (1/time)
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CO2 Fertilization

1500

g C / m2

• 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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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
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Disturbance

Disturbance and Recovery
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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

Stand Age (years)

ED model result: Moorcroft et al (2001)
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Forest Inventory Sampling

USDA Forest Service FIA Plots

Five-Year Panel:

• 6000 acre grid cells

USDA Forest Service measures hundreds of thousands of plots!

Average annual live tree C stock change by county,
estimated from FIA data

• 1 plot per grid cell
• >800K plots
• each plot visited every 5
(east) or 10 (west) years

Year One
Year Two
Year Three
Year Four
Year Five

The
Atmosphere

MgC/ha/yr

Courtesy of Linda Heath, USFS
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Atmospheric CO2
Observations (in-situ)

Atmospheric CO2 Data
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CO2 “Budget” of the World
284

Climatic Change (2008) 90:283–297

Fossil Fuel
At aboutBurning
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
10
ATMOSPHERE
chemistry, but only one tenth as strongly as might
be naively inferred from the relative
billion
concentrations
of carbon in the air and in the water. Most of the carbon dissolved in
tons go in
5 billion
added
seawater is in the form of bicarbonate, rather than in the form of carbonate
ion,tons
which
reacts
every
seeyear
that the CO2
to buffer CO2 invasion. In the model results presented below, we will
uptake capacity of the ocean diminishes with increasing CO2 release, because of the
depletion of the carbonate 800
ion content of the ocean.
billion tons carbon
To make matters 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
Ocean
naively expect by simply
looking at a globe, or Land
at a “blue
planet”
Plants
andphotograph
soils (net)from space.
Carbon cycle models respond to a release of new CO2 into the atmosphere in a series of
several well-defined stages lasting
millennia
(Fig.
1; Archer
et al.
= 5
billion
tons go
out1998; Broecker
2.5
2.5 for+many
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)

Climate forcing comes from the water,
not from the faucet!

John Sterman, MIT

The Long Tail

Airborne Fraction of the Total CO2 Release
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Fig. 1 Schematic breakdown of the atmospheric lifetime of fossil fuel CO2 into various long-term natural

The
millennial
sinks.
Modelatmospheric
results fromlifetime
Archer (2005)
of anthropogenic CO2

http://ngm.nationalgeographic.com/big-idea/05/carbon-bath

Can’t fit sum of exponentials with a
single “atmospheric lifetime”

David Archer & Victor Brovkin
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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
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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 many millennia
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