
Global Carbon Cycle
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Class Web Site: http://www.atmos.umd.edu/~rjs/class/spr2013

Goals for today:

• Overview of the Global Carbon Cycle, “scratching below the surface”

of the reading material

• Land and ocean uptake of CO2

• Connect to prior lectures: ∆F & ∆T, the “CO2 response function”,

as well as glacial CO2
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7 February 2013
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Positive Feedback:
climate responds to an initial perturbation in a manner that

amplifies the perturbation

Earth’s orbit and CO2 / CH4:

change in Earth’s orbit leads to more sunlight during NH summer

this warms the high-latitude ocean, causing CO2 to be released

higher CO2 leads to additional warming because CO2 is a GHG

higher T melts permafrost, releasing trapped CH4

higher CH4 contributes to even more additional warming

http://www.atmos.umd.edu/~rjs/class/spr2013


Modern CO2 Record

∆ (CO2) years 1959 to 2012 = 77.84 ppm

∆F = 1.18 W m−2

∆TEXPECTED = λACTUAL × ∆F

Legacy of Charles Keeling, Scripps Institution of Oceanography, La Jolla, CA

http://www.esrl.noaa.gov/gmd/ccgg/trends
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TACTUAL 0.69 K

CO2 Essentially Inert in the Atmosphere
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Oxidation state represents number of electrons:

added to an element (negative #) or removed from an element (positive #)

C OO
••

••

••

••

C in CO2: has donated two electrons to each oxygen atom,

completing the L shell of electrons & resulting

in an electron configuration analogous to helium

CO2, the most oxidized form of carbon, is essentially inert in the atmosphere.

Yet, many atmospheric scientists focus their research on the “global carbon cycle”.
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Modern CO2 Record

∆ (CO2) years 1959 to 2011 = 75.6 ppm

∆ mass of C = 75.6 ppm (10–6 / ppm) x 5.2x1021gm x

(12 gm C /mole / 29 gm/mole)

= 1.63 x1017gm C

= 1.63 x1017gm C × 10–6 ton/gm

= 1.63 x1011 tons C

= 163 x109 tons C = 163 Gtons of C

Legacy of Charles Keeling, Scripps Institution of Oceanography, La Jolla, CA

http://www.esrl.noaa.gov/gmd/ccgg/trends
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Global Carbon Cycle

Fossil fuel emissions, 1959 to 2011  = 296 Gt C

∆ (CO2), 1959 to 2011 = 162 Gt C

~55 % of carbon emitted remains in the atmosphere

Houghton reading states ~45%

“about half” will suffice 

Rest goes to either ?
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Human Release of Carbon

Human activity is presently releasing about 9 Gt (giga tons) or 

9,000,000,000  (9 × 109) tons of Carbon per year.

How much is 9 Gt of carbon ?!?
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World Carbon Emissions20 June 2007
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China: 1.70 Gt C per year US: 1.58 Gt C per year

Source: http://www.nature.com/nature/journal/v447/n7148/fig_tab/4471038a_F1.html

http://www.nature.com/nature/journal/v447/n7148/fig_tab/4471038a_F1.html


13CO2 Time Evolution: “Fingerprint” of Fossil Fuel Burning

Chapter 2, IPCC 2007
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Atmospheric CO2 since ~1860

Why did CO2 start to rise ?

Figure 3.5, Chemistry in Context

10
Copyright © 2013 University of Maryland. 

This material may not be reproduced or redistributed, in whole or in part, without written permission from Ross Salawitch or Tim Canty.



Atmospheric CO2 since ~1860

Page 33, Houghton
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Global Carbon Cycle

Presently much more

than 760 Gt

Now 9 Gt/yr !

Page 30, Houghton
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Global Carbon Cycle

McElroy, The Atmospheric Environment, 2002

τ ≈ 12 years

τocean/atmosphere ≈ 614 years

τocean/sediments ≈ 1.6×105 years

Presently much more, much

than 615 Gt
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CO2 Is Long Lived

from IPCC 2007 “Physical Science Basis”

CO2 has multiple time constants

Longest decay of IPCC formula is close to 200 years, which 

represents time for surface waters to equilibrate with

the intermediate ocean

Note: IPCC formula should only be used for t <1000 years
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Image: “Global Warming Art” : http://www.globalwarmingart.com/wiki/Image:Carbon_Stabilization_Scenarios_png

Curve that levels off at ~560 ppm

has emissions peaking ~2030

Less than 20 years from now !

CO2 is long lived: society must reduce emissions soon

or we will be committed to dramatic, future increases!
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Global Carbon Cycle

Where is the CO2 being sequestered?

During the 1990s, humans released ~6 Gt C/yr.

If ~50% stayed in atmosphere, then 0.5 × 6 Gt C/yr ≈ 3.0 Gt C/yr went to land and oceans

Ocean uptake estimated to be: CARBON

SINK

1.5 Gt 2.0 Gt 2.0 Gt 3.0 Gt0.9 Gt

Ship board measurements of ∆pCO2

across air-sea interface

[Takahashi et al., 1999]

δ13C isotopic fractionation

[Gruber and Keeling, 2001]

Minute changes in

atmospheric O2/N2 ratio

[Bopp et al., 2002]

In situ measurements atmospheric 

CO2, 46 surface sites

[Peylin et al., 2002]
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Global Carbon Cycle

Where is the CO2 being sequestered?

During the 1990s, humans released ~6 Gt C/yr.

If ~50% stayed in atmosphere, then 0.5 × 6 Gt C/yr ≈ 3.0 Gt C/yr went to land and oceans

Land uptake estimated to be: CARBON

SINK0.7 ± 0.7 GtC/yr for North America

0.5 ± 0.8 GtC/yr for Europe

1.2 ± 0.8 GtC/yr for North Asia

[Bousquet et al., 2000]
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1.8 Gt 2.4 Gt
0.5 Gt

0.5 GtC/yr for

continental United States

[Pacala et al., 2001] 

3.0 Gt

1.7 ± 0.5 GtC/yr for North America

0.1 ± 0.6 GtC/yr for Eurasia/North Africa

[Fan et al., 1992]

Inferring CO2 Uptake Based on ∆(O2)
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Bookkeeping according to this study:

Atmospheric Release: 30.0 ppm (66 Gt)

Atmospheric Increase: 15.1 ppm (~50% airborne fraction)

Land Uptake: 6.8 ppm (46% of uptake)

Ocean Uptake: 8.1 ppm (54% of uptake)



Uptake of Atmospheric CO2 by Trees (Land Sink)
Land sink

As CO2 , photosynthesis (all things being equal) will increase.

Known as the “CO2 fertilizer” effect

Difficult to quantify because ?
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Page 166, Houghton

Uptake of Atmospheric CO2 by Trees (Land Sink)

Land sink: relatively short lived reservoir
• In this model, future water stress due to climate change eventually limits plant growth

• Feedbacks between climate change and plants lead to several 100 ppm additional CO2

by end of century
Projected future CO2 and T for a

single fossil fuel carbon emission scenario
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Page 41, Houghton Cox et al., Nature, 2000
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Land sink: relatively short lived reservoir

• IPCC 2007 did not consider carbon cycle feedbacks in latest assessment, as there is

no scientific consensus on the direction (much less magnitude) of this effect !

Uptake of Atmospheric CO2 by Trees (Land Sink)

Intercomparison of 250 years of simulated carbon uptake by land and the resulting

increase in atmospheric CO2 by 11 coupled carbon cycle − climate models, using an

identical prescribed fossil fuel emission scenario (Friedlingstein et al., 2006)
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Uptake of Atmospheric CO2 by Oceans

Acidity of pure water is 7.  This means [H+] = 10−7 moles/liter or 10−7 M.

What is acidity of water in equilibrium with atmospheric CO2 ?
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Uptake of Atmospheric CO2 by Oceans
When CO2 dissolves:

Henry’s law governs ratio of CO2(aq) to pCO2,

where pCO2 is the atmospheric CO2 mixing ratio: CO2(aq) = pCO2

The following aqueous phase equilibrium reactions occur: 

CO2(aq) + H2O HCO3
− + H+

H+ + CO3
2− HCO3

−

If water is exposed to higher levels of pCO2, leading to larger CO2(aq),

the following net reaction is considered to occur: 

CO2(aq) + CO3
2− + H2O 2 HCO3

−

As CO2 dissolves, CO3
2− is converted to HCO3

−

Also, the following aqueous equilibrium is maintained:
2 +

113

2

3

[CO ] [H ]
K  =  = 4.7  10  M  (at 298 K)

[HCO ]

−
−

− ×

So … as CO2(aq) rises due to rising atmospheric CO2

CO3
2− will fall and [HCO3

−] will rise and therefore …

[H+] must RISE (for above equilibrium to be maintained)
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Uptake of Atmospheric CO2 by Oceans

Acidity of actual ocean is much more complex than pure rainwater: ocean is slightly basic

Dominant cations are Na+, K+, Mg2+ and Ca2+

Most common anions are Cl−, Br−, and SO4
2−

Positive charge of cations slightly larger than negative charge of anions:

difference is called “Ocean Alkalinity” and is balanced by HCO3
− and CO3

2−

[Alk] = [HCO3
−] +2 [CO3

2−]

Atmospheric CO2, CO2(aq), HCO3
−, CO3

2− follow same relation as given on prior slide.

We define Ocean Carbon (traditionally DIC for dissolved inorganic carbon) as :

Ocean Carbon [ CO2] = [CO2(aq)] + [HCO3
−] + [CO3

2−]

and note that the relation between Ocean Carbon and its components depends on 

temperature, alkalinity, salinity (saltiness), and atmospheric CO2

The mathematics relating ocean acidity to pCO2, T & Alkalinity

is given on Extra Slide #3
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Uptake of Atmospheric CO2 by Oceans
When CO2 dissolves:

Net: CO2(aq) + CO3
2− + H2O 2 HCO3

−

Atmospheric

CO2

280 ppm

Pre-Industrial

385 ppm

Present Day

560 ppm

2 × Pre-Indus.

Ocean Carbon 2020 ×10−6 M 2070 ×10−6 M 2122 ×10−6 M

[HCO3
−] 1772 ×10−6 M 1865 ×10−6 M 1957 ×10−6 M

[CO2 (aq)] 9.1 ×10−6 M 12.6 ×10−6 M 18.2 ×10−6 M

[CO3
2−] 239 ×10−6 M 193 ×10−6 M 146 ×10−6 M

pH 8.32 8.20 8.06
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CO2 CO2 AVERAGE

AVERAGE

Atmos Atmos
Revelle Factor =

Ocean Carbon Ocean Carbon

∆
∆

2

175 472.5
 = 14.9 (from present-day to 2  pre-industrial CO )

52 2096
= ×

2

105 332.5
=  = 12.9 (from pre-industrial to present-day CO )

50 2045

Uptake of Atmospheric CO2 by Oceans

Capacity of ocean to absorb carbon decreases over  time!

CO2 CO2 AVERAGE

AVERAGE

CO2 CO2 AVERAGE

Atmos Atmos
Ocean Carbon Ocean Carbon  used to be

12.9

                            or      0.078 Atmos Atmos

∆
∆

× ∆

CO2 CO2 AVERAGE

AVERAGE

CO2 CO2 AVERAGE

Atmos Atmos
Ocean Carbon Ocean Carbon      now

14.9

                            or      0.067 Atmos Atmos

∆
∆

× ∆
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Revelle Factor

In 1957, Revelle co-authored a paper with Hans Suess that suggested Earth's oceans would 

absorb excess carbon dioxide generated by humanity in the future at a rate less than predicted…

Revelle and Suess described the "buffer factor", now known as the "Revelle factor“ , which 

is the resistance to atmospheric carbon dioxide being absorbed by the ocean surface layer 

posed by bicarbonate chemistry. Essentially, to enter the ocean, carbon dioxide gas has to 

partition into one of the components of carbonic acid: carbonate ion (CO3
2−) , bicarbonate ion 

(HCO3 ) , or carbonic acid (H2CO3). This chemistry limits how fast atmospheric carbon dioxide can 

enter the surface ocean, with the rate limiting reactant, carbonate ion, decreasing as atmospheric 

CO2 rises.

Al Gore mentions Roger Revelle as a “personal inspiration” in a segment of An Inconvenient Truth

From http://en.wikipedia.org/wiki/Roger_Revelle

with some editing 
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Uptake of Atmospheric CO2 by Oceans
− Solubility Pump:

a) More CO2 can dissolve in cold polar waters than in warm equatorial

waters. As major ocean currents (e.g. the Gulf Stream) move waters

from tropics to the poles, they are cooled and take up atmospheric CO2

b) Deep water forms at high latitude.  As deep water sinks, ocean carbon ( CO2)

accumulated at the surface is moved to the deep ocean interior. 

− Biological Pump:

a) Ocean biology limited by availability of nutrients such as NO3
−, PO4

−,

and Fe2+ & Fe3+ .  Ocean biology is never carbon limited.

b) Detrital material “rains” from surface to deep waters, contributing to

higher CO2 in intermediate and deep waters

http://science.nasa.gov/headlines/y2004/05mar_arctic.htm
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Uptake of Atmospheric CO2 by Oceans
− Solubility Pump:

a) More CO2 can dissolve in cold polar waters than in warm equatorial

waters. As major ocean currents (e.g. the Gulf Stream) move waters

from tropics to the poles, they are cooled and take up atmospheric CO2

b) Deep water forms at high latitude.  As deep water sinks, ocean carbon ( CO2)

accumulated at the surface is moved to the deep ocean interior. 

− Biological Pump:

a) Ocean biology limited by availability of nutrients such as NO3
−, PO4

−,

and Fe2+ & Fe3+ .  Ocean biology is never carbon limited.

b) Detrital material “rains” from surface to deep waters, contributing to

higher CO2 in intermediate and deep waters

29
Copyright © 2013 University of Maryland. 

This material may not be reproduced or redistributed, in whole or in part, without written permission from Ross Salawitch or Tim Canty.

http://www.pmel.noaa.gov/pubs/outstand/feel2331/images/fig05.gif

CO2 comes out of tropical ocean

CO2 goes into rest of the ocean

Connection to Glacial CO2

WSW: Warm Surface Waters
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See http://www.agu.org/journals/pa/v005/i001/PA005i001p00001

See http://www.nature.com/nature/journal/v357/n6378/abs/357461a0.html

http://www.pmel.noaa.gov/pubs/outstand/feel2331/images/fig05.gif
http://www.nature.com/nature/journal/v357/n6378/abs/357461a0.html
http://www.agu.org/journals/pa/v005/i001/PA005i001p00001


Uptake of Atmospheric CO2 by Oceans

Future ocean uptake of atmospheric CO2 will lead to ocean acidification

Bad news for ocean dwelling organisms that precipitate shells (basic materials)

Doney, The Dangers of Ocean Acidification, Scientific American, March, 2006
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Extra Slide 1
Carbon Water Chemistry

Acidity of pure water is 7.  This means [H+] = 10−7 moles/liter or 10−7 M.

What is acidity of water in equilibrium with atmospheric CO2 ?

[CO2(aq)] = HCO2 pCO2 = 3.4 × 10−2 M / atm pCO2

For CO2 = 390 ppm:

[CO2(aq)] = 3.4 × 10−2 M / atm 3.9 × 10−4 atm = 1.326 × 10−5 M

First equilibrium between CO2, HCO3
− (bicarbonate), and H+

CO2(aq) + H2O HCO3
− + H+

+

73

1

2

[HCO ] [H ]
K  =  = 4.3  10  M  (at 298 K)

[CO (aq)]

−
−×

Second equilibrium between CO3
2− (carbonate), HCO3

−, and H+

2 +

113

2

3

[CO ] [H ]
K  =  = 4.7  10  M  (at 298 K)

[HCO ]

−
−

− ×

H+ + CO3
2− HCO3

−

Can solve if we assume charge balance:  [H+] = [HCO3 ] + 2 [CO3
2 ]

- or – by taking a short-cut (see next slide)
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Extra Slide 2
Carbon Water Chemistry

Acidity of pure water is 7. What is acidity of water in equilibrium with atmospheric CO2 ?

Shortcut:

[CO2(aq)] = HCO2 pCO2 = 3.4 × 10−2 M / atm pCO2 = 1.326 × 10−5 M  for present atmosphere

[H+] [HCO3
−] = K1 [CO2(aq)] = 4.3 × 10−7 M × 1.326 × 10−5 M  = 5.70 × 10−12 M2

Assume charge balance is primarily between [H+] and [HCO3
−]:

i.e., that [H+] [HCO3
−] and that both are >> [CO3

2−]

[H+] [H+] = 5.70 × 10−12 M2 [H+] = 2.388 × 10−6 M

pH = log10 [H+] = 5.6 (390 ppm, 298 K)

Is the assumption justified? :

[CO3
2−] = K2 [HCO3

−]  / [H+] 4.7 × 10−11 M

[H+] & [HCO3
−] are both ~ 2.4 × 10−6 M  which is >> 4.7 × 10−11 M
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Ocean AcidityExtra Slide 3

As noted in class, the actual ocean is basic.  The net charge from a series of cations

(positively charged ions) and minor anions (negatively charged ions) is balanced by the

total negative charge of the bicarbonate and carbonate ions.  We write:

[Alk] = [HCO3
−] + 2 [CO3

2−] = [Na+]+[K+]+2[Mg2+]+2[Ca2+]–[Cl ]–[Br ]–2 [SO4
2 ] + …

where Alk stands for Alkalinity

Henry’s Law and the equations for the first and second dissociation constants yield:
+

3
1

2

[HCO ] [H ]
K  =

[CO (aq)]

− 2 +

3
2

3

[CO ] [H ]
K  =

[HCO ]

−

−
2

2

[CO  (aq)]
pCO (vmr) =

α

If we substitute [HCO3 ] = Alk – 2 [CO3
2−] into the eqn above, we arrive at a quadratic

eqn for [CO3
2−] as a function of pCO2 and Alk. Note that , K1, and K2 vary as a function

of temperature (T) and ocean salinity (S) (http://en.wikipedia.org/wiki/Salinity)

If T, Alk, & S are specified, it is straightforward to solve for [CO3
2−] from the quadratic eqn.

Values for [CO2(aq)], [HCO3
−], and [H+] are then found from Henry’s law & the dissoc eqns.

Finally, Ocean Carbon is found from [CO2(aq)]+[HCO3
−]+ [CO3

2−].

Numerical values on the slides entitled “Uptake of Atmospheric CO2 by Oceans” were found in this

manner, using Fortran program http://www.atmos.umd.edu/~rjs/class/spr2012/code/ocean_carbon.f

The three equations above can be re-arranged to yield:

2

32
2 2

1 3

[HCO ]K
pCO (vmr) =

K [CO ]α

−

−
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Extra Slide 4

Orbital Configurations

1s 2s 2p

If a molecule is oxidized:

it has lost an electron

O : greedy for electrons

If a molecule is reduced:

it has gained an electron

H : eager to give away its lone

electron

H

He

C

N

O

35
Copyright © 2013 University of Maryland. 

This material may not be reproduced or redistributed, in whole or in part, without written permission from Ross Salawitch or Tim Canty.


