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Carbon cycle

Figure 6.1 | Simplified schematic of the global carbon cycle. Numbers represent reservoir mass, also called carbon stocks in PgC (1 PgC = 1015 gC) and annual carbon 
exchange fluxes (in PgC yr–1). Black numbers and arrows indicate reservoir mass and exchange fluxes estimated for the time prior to the Industrial Era, about 1750... 
Red arrows and numbers indicate annual anthropogenic fluxes averaged over the 2000–2009 time period. (IPCC 2013)



Carbon cycle and climate feedbacks 

Climate feedbacks diminish or amplify 
forcing.

These lead to accelerated warming:

• Ice-albedo feedback
• Drying of tropics ⇒ reduces carbon uptake
• Fossil fuel emissions are faster than

land/ocean uptake  
• Improving air quality could lead to

decadal 4 K surface increase in Arctic 
(Crutzen 2006)

⇒ Positive feedbacks overwhelm negative 

Fig. 13 The proposed modified feedback loop for the observed decadal Arctic climate 
cycle and the observed long-term downward trend due to a positive feedback of sea 
ice and clouds. An arrow with a plus sign between box A and box B means that a 
positive (negative) anomaly in A would cause a positive (negative) anomaly in B after 
a certain delay, while an arrow with a minus sign would results in a negative 
(positive) anomaly in B. (Wang et al. 2005)



Climate feedbacks 

Fossil fuel emissions:
~50% in atmosphere
~50% in land & ocean 

Bottleneck to warming: Oceans
• 4000 m of water, heated from above
• Stably stratified

• Very slow diffusion of chemicals 
and heat to deep ocean

• Fossil fuel CO2:
• 200 years emission
• Penetrated to upper 500–1000 m

(Rial et al. 2004)(Fung 2006)



Uncertainties

• Climate-carbon cycle sensitivity

• Magnitude and time scale of future carbon cycle feedbacks

• Carbon storage capacity of the ocean and land 

• Change in storage rate with time

• Atmosphere-ocean-biogeochemical coupling



Metrics for “dangerous” change 

Extermination of Animal & Plant Species 

1. Extinction of Polar and Alpine Species

2. Unsustainable Migration Rates 

Ice Sheet Disintegration: Global Sea Level 

1. Long-Term Change from Paleoclimate Data

2. Ice Sheet Response Time 

Regional Climate Change 

1. General Statement 

2. Droughts/Floods

(Hansen 2007)



Abrupt climate change 

Evidence of accelerating 
warming and non-linear 
coupling 
(Hansen, 2004; Schellnhuber
et al., 2006; Fung 2006)

“Is it time to start working on a 
climate emergency response 
system” 
(Caldeira 2008)

(Hansen 2004)



Abrupt climate change 

• CO2 stabilization requires a 60–80% reduction in current anthropogenic 
CO2 emissions

• Emissions increased by 2% from 2001 to 2002 (Marland et al., 2005)
• Current CO2 emissions are 30–40% larger than at at any time  during the 

past 650,000 years. (Crutzen 2006)

(Schneider and Lane 2006)



Historical overview

Fumifugium (Evelyn 1661)

• One of the earliest papers on 
fossil fuel pollution.

• Describes the effects of pollution 
on London and its populace.

• Calls for pollution mitigation.

• Recommends moving industry 
outside of the city.

• Recommends creating greenbelts 
around the city’s periphery. 



Geoengineering – 1965

• 25% Atmospheric CO2 increase
• Possible melting (partial or total) of 

Greenland and/or Antarctica

• Geoengineering is the sole recommendation.  
• No emphasis on emissions reduction

Report predicts:

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



Anthropogenic climate modification

(Kieth 2000)



Geoengineering

• Numerous proposals have & are being 
considered

• Questions:
• Reversibility
• Consequences for ecosystems

• ‘Moral hazard’: knowledge of its 
possibilities may reduce concern about 
abrupt climate change and weaken 
commitments to cutting emissions



Geoengineering considerations



Stratospheric sulfur injections

Crutzen (2006) argues: 

• Efforts towards emissions reductions have been grossly unsuccessful.  

• Stratospheric injections of sulfur in the form of S2 or H2S to produce SO2

• 1–2 year residence time in stratosphere vs. ~1 week in troposphere

• Hansen et al. (1992) calculated radiative cooling of 4.5 W/m2 from 6 Tg S

• Sulfate climate cooling efficiency of 7.5 W/m2 per Tg S in stratosphere.

• Cost: ~ $25 billion/year (NAS 1992)

• Amount needed is ~2– 4% of current input of 55 Tg S/year

• Permit rapid remedial response.



Sulfate aerosol simulations

Matthews and Caldeira (2007) conducted transient climate–carbon 
simulations of planetary geoengineering to assess stabilizing global 
temperatures if CO2 emissions are allowed to continue unabated.



Sulfate aerosol simulations

(Matthews and Caldeira 2007)



Sulfate aerosol simulations

(Matthews and Caldeira 2007)



Sulfate aerosol simulations

(Caldeira and Wood 2008)



Caldeira et al. results

Geoengineering may be a promising strategy for counteracting climate change.
– It may not be necessary to replicate the exact radiative forcing patterns

from greenhouse gases to largely negate their effects. 

• However, subtle changes in the distribution of solar luminosity associated 
with the Milankovitch cycles (Imbrie et al., 1984) may have produced large 
climate change on time scales >104 years, after ocean circulation and ice 
sheets adjusted to the slightly modified new climate. 

• Even if geoengineering schemes could largely compensate for the climate 
change induced by a CO2 doubling or quadrupling on short time scales, there 
is no guarantee that long-term climate would remain relatively unaffected. 

• For instance, the uptake of CO2 by the biosphere will increase at elevated 
levels of atmospheric CO2, irrespective of whether we implement 
geoengineering schemes or not.



CO2 direct air capture 

• First successful demonstration of CO2 air 
capture technology 
(Lackner 2003, 2007)

• Sorbents such as sodium hydroxide 
(NaOH) capture CO2 molecules from 
free-flowing air and release them as a 
pure stream of CO2 for sequestration.

• Device with an opening of one square 
meter can extract about 10 tons of carbon 
dioxide from the atmosphere each year.



800,000-year CO2 & temperature record

ΔT   (Antarctic ice cores, 800k BC → 1911)
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(Noble 2024)
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