
Global Carbon Cycle
AOSC 434/658R & CHEM 434/678A

Ross Salawitch 

Class Web Site: http://www.atmos.umd.edu/~rjs/class/spr2009

Goals for today:
• Overview of the Global Carbon Cycle, “scratching below the surface”
of the material covered in the readings

• Complexities of oceanic and land uptake of CO2

• Connection to prior material (∆F & ∆T)
• Connection to field research

Lecture 06
17 February 2009
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Modern CO2 Record

Legacy of Charles Keeling, Scripps Institution of Oceanography, La Jolla, CA
http://icestories.exploratorium.edu/dispatches/wp-content/uploads/2008/05/keeling_graph.jpg
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Modern CO2 Record

∆ (CO2) years 1958 to 2005 = 379.7 – 315.1 ppm
= 64.6 ppm
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Modern CO2 Record

∆ (CO2) years 1958 to 2005 = 379.7 – 315.1 ppm
= 64.6 ppm

∆F = ?
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Modern CO2 Record

∆ (CO2) years 1958 to 2005 = 64.6 ppm

∆F = 5.36 Wm−2  ln(379.7/315.1) = 1.00 Wm−2
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Modern CO2 Record

∆ (CO2) years 1958 to 2005 = 64.6 ppm

∆F = 5.36 W m−2  ln(379.7/315.1) = 1.00 W m−2

∆T = ?
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Modern CO2 Record

∆ (CO2) years 1958 to 2005 = 64.6 ppm

∆F = 5.36 W m−2  ln(379.7/315.1) = 1.00 W m−2

∆T = λ ∆F = 0.57 K / W m−2 ∆F = 0.57 K
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Modern CO2 Record

∆ (CO2) years 1958 to 2005 = 64.6 ppm

∆F = 5.36 W m−2  ln(379.7/315.1) = 1.00 W m−2

∆T = λ ∆F = 0.57 K / W m−2 ∆F = 0.57 K

8http://www.chelseagreen.com/content/wp-content/avg_global_temperature.jpg
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Modern CO2 Record

1 ppm CO2 ≈ 10–6× 5.27×1021 gm× 12/29 × 10–6 ton/gm
= 2.2 × 109 tons C
= 2.2 Gt (giga tons) C

∆ (CO2) years 1958 to 2005 = 64.6 ppm = 142 Gt C
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Global Carbon Cycle

Data from http://cdiac.ornl.gov/ftp/ndp030/global.1751_2005.ems
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Global Carbon Cycle

Fossil fuel emissions, 1958 to 2005  = 245 Gt C

∆ (CO2), 1958 to 2005 = 142 Gt C

Data from http://cdiac.ornl.gov/ftp/ndp030/global.1751_2005.ems
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Global Carbon Cycle

Fossil fuel emissions, 1958 to 2005  = 245 Gt C

∆ (CO2), 1958 to 2004  = 142 Gt C

~60 % of carbon emitted remains in the atmosphere

Rest goes to either:
– oceans
– terrestrial biosphere (trees and plants)

Data from http://cdiac.ornl.gov/ftp/ndp030/global.1751_2005.ems
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Human Release of Carbon

Current human activities release about 8 Gt (giga tons),
or 8,000,000,000  (8 × 109) tons of carbon per year.

How much is 8 Gt of carbon ?!?
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Human Release of Carbon

Current human activities release about 8 Gt (giga tons),
or 8,000,000,000  (8 × 109) tons of carbon per year.

How much is 8 Gt of carbon ?!?

Mazda Miata weighs about 1 ton (2200 lbs)

8 Gigatons C ≈ 8 billion Miatas

Miata is about 13 feet long

Earth’s circumference is ~25,000 miles
⇒ 10 million Miatas placed end-to-end

8 Gigatons C is equivalent to a series of Miatas,
placed end-to-end, encircling the Earth 800 times !
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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



Atmospheric CO2, 1860 to 2000

Why did CO2 start to rise ?                 
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Atmospheric CO2, 1860 to 2000

Why did CO2 start to rise ?                 
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Atmospheric CO2, 1860 to 2000
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Global Carbon Cycle

~ 836 in 2008

~ 8 in 2008
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Global Carbon Cycle

20
McElroy, The Atmospheric Environment, 2002

τ ≈ 12 years ⇒

τocean/atmosphere ≈ 614 years

~ 836 in 2008

τocean/sediments ≈ 1.6×105 years



CO2 Is Long Lived

from IPCC 2007 “Physical Science Basis”

CO2 has multiple time constants

Longest decay is close to 200 years:
time for surface waters to equilibrate with intermediate ocean
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CO2 Is Long Lived

To avoid 2×CO2 (560 ppm),
much less 3×CO2 (840 ppm),
there must be a drop in CO2
emissions due to the burning
of fossil fuel very soon

Curve that levels off at ~550 ppm
has emissions peaking in 2027
(20 years from now!)

Image: “Global Warming Art” :  http://www.globalwarmingart.com/wiki/Image:Carbon_Stabilization_Scenarios_png 22
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Global Carbon Cycle
Where is the CO2 being sequestered?

During the 1990s, humans released ~7 Gt C/yr. 

If 60% stays in the atmosphere, then 0.4×7 Gt C/yr ≈ 3 Gt C/yr must be going 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] 23



Global Carbon Cycle
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Where is the CO2 being sequestered?

During the 1990s, humans released ~7 Gt C/yr. 

If 60% stays in the atmosphere, then 0.4×7 Gt C/yr ≈ 3 Gt C/yr must be going to land and oceans.

Land uptake estimated to be:

1.8 Gt 2.4 Gt
0.5 Gt

3.0 Gt

CARBON
SINK

1.7 ± 0.5 GtC/yr for North America
0.1 ± 0.6 GtC/yr for Eurasia/North Africa

[Fan et al., 1992]

0.5 GtC/yr for
continental United States

[Pacala et al., 2001] 

0.7 ± 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]



Inferring CO2 Uptake Based on ∆(O2)
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Inferring CO2 Uptake Based on ∆(O2)

Data collected over
a 10 year time period
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Inferring CO2 Uptake Based on ∆(O2)

Slope of ∆(O2) ≈ −25/16 ∆(CO2)
representing combustion:

2C8H18 + 25 O2 → 16 CO2 + 18 H2O
O2 falls a tiny bit
as CO2 rises
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Inferring CO2 Uptake Based on ∆(O2)

Slope of ∆(O2) = 0
Ocean Uptake does not
return “combusted O2”

to atmosphere
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Inferring CO2 Uptake Based on ∆(O2)

Land Uptake Returns
“combusted O2” to the atmosphere,

via photosynthesis:
6 CO2+H2O→C6H12O6+6O2
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Inferring CO2 Uptake Based on ∆(O2)

30

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)



Carbon Water Chemistry
Acidity of pure water is 7.  This means [H+] = 10−7 moles/liter or 10−7 M.
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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 ?
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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 = 380 ppm:

[CO2(aq)] = 3.4 × 10−2 M / atm 380 × 10−2 atm = 1.292 × 10−2

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)]

−
−×
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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 = 380 ppm:

[CO2(aq)] = 3.4 × 10−2 M / atm 380 × 10−2 atm = 1.292 × 10−2

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

−
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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 = 380 ppm:

[CO2(aq)] = 3.4 × 10−2 M / atm 380 × 10−2 atm = 1.292 × 10−2

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 show (see extra slides) that pH = 5.6 (for CO2=380 ppm, T=298 K)
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Ocean Acidity
Acidity of actual ocean is more complex
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:
slight difference is called “Ocean Alkalinity”, and is balanced by HCO3

− and CO3
2−

Atmospheric CO2, CO2(aq), HCO3
−, CO3

2− follow same relations described above.
We define:

[Alk] = [HCO3
−] +2 [CO3 

2−]

Σ [CO2] = [CO2(aq)] + [HCO3
−] +2 [CO3 

2−]

and note that the relation between Σ [CO2] and its components depends on T, Alk, and pCO2
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Ocean Acidity
When CO2 dissolves:

Net: CO2(aq) + CO3
2− + H2O → 2 HCO3

−

2 +
113

2
3

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

[HCO ]

−
−

− ×
Remember:

If [HCO3
−] rises, as it must, and CO3

2− falls, as it must, then [H+] must RISE to maintain
the constant value of the above expression !

Jacob, Introduction to Atmospheric Chemistry
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Ocean Acidity
• Fate of carbon is important:

− Ocean sink: leads to ocean acidification

Essentially, the ability of the ocean to absorb CO2 is limited by CO3
2− :

Atmospheric
CO2

280 ppm
Pre-Industrial

560 ppm
2 × Pre-Indus.

840 ppm
3 × Pre-Indus.

[Σ CO2] 1893 ×10−6 M 2040 ×10−6 M 2155 ×10−6 M

[HCO3
−] 1617 ×10−6 M 1850 ×10−6 M 2014 ×10−6 M

[CO2 (aq)] 8 ×10−6 M 15 ×10−6 M 26 ×10−6 M

[CO3
2−] 268 ×10−6 M 176 ×10−6 M 115 ×10−6 M

pH 8.15 7.91 7.76
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Ocean Acidity
• Fate of carbon is important:

− Ocean sink: leads to ocean acidification

Essentially, the ability of the ocean to absorb CO2 is limited by CO3
2− :

Atmospheric
CO2

280 ppm
Pre-Industrial

560 ppm
2 × Pre-Indus.

840 ppm
3 × Pre-Indus.

[Σ CO2] 1893 ×10−6 M 2040 ×10−6 M 2155 ×10−6 M

[HCO3
−] 1617 ×10−6 M 1850 ×10−6 M 2014 ×10−6 M

[CO2 (aq)] 8 ×10−6 M 15 ×10−6 M 26 ×10−6 M

[CO3
2−] 268 ×10−6 M 176 ×10−6 M 115 ×10−6 M

pH 8.15 7.91 7.76

Note : due to presence of cations, ocean is slightly basic
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Ocean Acidity
• Fate of carbon is important:

− Ocean sink: leads to ocean acidification

Essentially, the ability of the ocean to absorb CO2 is limited by CO3
2− :

Atmospheric
CO2

280 ppm
Pre-Industrial

560 ppm
2 × Pre-Indus.

840 ppm
3 × Pre-Indus.

[Σ CO2] 1893 ×10−6 M 2040 ×10−6 M 2155 ×10−6 M

[HCO3
−] 1617 ×10−6 M 1850 ×10−6 M 2014 ×10−6 M

[CO2 (aq)] 8 ×10−6 M 15 ×10−6 M 26 ×10−6 M

[CO3
2−] 268 ×10−6 M 176 ×10−6 M 115 ×10−6 M

pH 8.15 7.91 7.76

Note : [CO3
2−] drops as atmospheric CO2 rises
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Ocean Acidity
• Fate of carbon is important:

− Ocean sink: leads to ocean acidification

Essentially, the ability of the ocean to absorb CO2 is limited by CO3
2− :

Atmospheric
CO2

280 ppm
Pre-Industrial

560 ppm
2 × Pre-Indus.

840 ppm
3 × Pre-Indus.

[Σ CO2] 1893 ×10−6 M 2040 ×10−6 M 2155 ×10−6 M

[HCO3
−] 1617 ×10−6 M 1850 ×10−6 M 2014 ×10−6 M

[CO2 (aq)] 8 ×10−6 M 15 ×10−6 M 26 ×10−6 M

[CO3
2−] 268 ×10−6 M 176 ×10−6 M 115 ×10−6 M

pH 8.15 7.91 7.76

CO2 CO2
2

2 2

p p 280 420Revelle Factor =   = 8.9 (from pre-industrial to 2 CO )
CO CO 147 1966.5

∆
= ×

∆Σ Σ

41

2 2
280 700  = 7.3 (from 2 CO  to 3 CO )

115 2097.5
= × ×



Roger Revelle
1957 Hans SuessIn , Revelle co-authored a paper with that suggested that the Earth's oceans 

would absorb excess carbon dioxide generated by humanity at a much slower rate than previously 
predicted by geoscientists, thereby suggesting that human gas emissions might create a 
"greenhouse effect" that would cause global warming over time.[1] Although other articles in the 
same journal discussed carbon dioxide levels, the Suess-Revelle paper was "the only one of the 
three to stress the growing quantity of CO2 contributed by our burning of fossil fuel, and to call 
attention to the fact that it might cause global warming over time."[2]

Revelle and Suess described the "buffer factor", now known as the "Revelle factor", which is a 
resistance to atmospheric carbon dioxide being absorbed by the ocean surface layer posed by 
bicarbonate chemistry. Essentially, in order to enter the ocean, carbon dioxide gas has to partition 
into one of the components of carbonic acid: carbonate ion, bicarbonate ion, or protonated carbonic 
acid, and the product of these many chemical dissociation constants factors into a kind of back-
pressure that limits how fast the carbon dioxide can enter the surface ocean. This amounted to one 
of the earliest examples of "integrated assessment", which 50 years later became an entire branch 
of global warming science.

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

42
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Roger Revelle
1957 Hans SuessIn , Revelle co-authored a paper with that suggested that the Earth's oceans 

would absorb excess carbon dioxide generated by humanity at a much slower rate than previously 
predicted by geoscientists, thereby suggesting that human gas emissions might create a 
"greenhouse effect" that would cause global warming over time.[1] Although other articles in the 
same journal discussed carbon dioxide levels, the Suess-Revelle paper was "the only one of the 
three to stress the growing quantity of CO2 contributed by our burning of fossil fuel, and to call 
attention to the fact that it might cause global warming over time."[2]

Revelle and Suess described the "buffer factor", now known as the "Revelle factor", which is a 
resistance to atmospheric carbon dioxide being absorbed by the ocean surface layer posed by 
bicarbonate chemistry. Essentially, in order to enter the ocean, carbon dioxide gas has to partition 
into one of the components of carbonic acid: carbonate ion, bicarbonate ion, or protonated carbonic 
acid, and the product of these many chemical dissociation constants factors into a kind of back-
pressure that limits how fast the carbon dioxide can enter the surface ocean. This amounted to one 
of the earliest examples of "integrated assessment", which 50 years later became an entire branch 
of global warming science.

Al Gore Academy Awardmentions Roger Revelle as a personal inspiration in a segment of the -
winning global-warming documentary "An Inconvenient Truth.“

Also, this Revelle factor is specifically what Houghton is referring to
at the end of the second full paragraph on page 34 of the reading.

http://en.wikipedia.org/wiki/Roger_Revelle
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Ocean Uptake
− 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, ΣCO2,
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

44
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Ocean Uptake
− 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, ΣCO2,
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

45
http://www.pmel.noaa.gov/pubs/outstand/feel2331/images/fig05.gif

CO2 comes out of tropical ocean

CO2 goes into rest of the ocean

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


Fate of Carbon Important
Land sink

As CO2 ↑, photosynthesis (all things being equal) will increase.
Known as the “CO2 fertilizer” effect
Difficult to quantify: plants behave differently as individuals than in groups

Page 166, Houghton
46



Fate of Carbon Important
Land sink: relatively short lived reservoir !!!

• In this model, future water stress due to climate change eventually limits plant growth
• 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
• The results of this model were the basis for Fig 3.5 of the Houghton reading

Projected future CO2 and T
for a single CO2 emission scenario ⇒

Atmospheric CO2
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Cox et al., Nature, 2000
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Fate of Carbon Important
Ocean uptake leads to ocean acidification:

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

Doney, The Dangers of Ocean Acidification, Scientific American, March, 2006
48



CO2 Latitudinal Gradient: “Fingerprint” of Human Release
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13CO2 Time Evolution: “Fingerprint” of Fossil Fuel Burning

Chapter 2, IPCC 2007
14CO2 has “fingerprint” of something else:

http://www.niwa.cri.nz/__data/assets/image/0018/43452/Bhd_14co2_800.jpg 50
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Carbon Sinks Hard to Specify 
Because CO2 Monitoring Network is Sparse

Nature, 450, 789-790, 5 Dec 2007.
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Orbiting Carbon Observatory (OCO) Mission
http://oco.jpl.nasa.gov

• First global measurements of CO2 (500,000 measurements per day)

52

• Will quantify geographic distribution of Carbon Fluxes

http://oco.jpl.nasa.gov/
http://oco.jpl.nasa.gov%E2%80%A2First


Orbiting Carbon Observatory (OCO) Mission
http://oco.jpl.nasa.gov

• First global measurements of CO2 (500,000 measurements per day)

O2 A-band

CO2 1.61µm

CO2 2.06 µm

53

• Records very high resolution spectra of reflected solar radiation
• Launch planned for early 2009

http://oco.jpl.nasa.gov/
http://oco.jpl.nasa.gov%E2%80%A2First


• First global measurements of CO2 (500,000 measurements per day)
• Will quantify geographic distribution of Carbon Fluxes
• Records very high resolution spectra of reflected solar radiation
• Launch scheduled for 23 Feb 2009 (less than a week from today!)

Orbiting Carbon Observatory (OCO) Mission
http://oco.jpl.nasa.gov

54
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• First global measurements of CO2 (500,000 measurements per day)
• Will quantify geographic distribution of Carbon Fluxes
• Records very high resolution spectra of reflected solar radiation
• Launch scheduled for 23 Feb 2009 (less than a week from today!)

I am a founding member of the OCO Science Team and plan to fly
out to Vandenberg AFB (near Santa Barbara, Calif) on Sat, 21 Feb

Tim will present class on Feb 24 ☺

Instrument “first light” no sooner than 1 April 2009 (nice choice of date!)
Once first light is received, I will be spending a lot of time in Calif

Can follow launch activities at:
http://www.vandenberg.af.mil/
http://www.nasa.gov/mission_pages/oco/launch/launch_blog.html
I may set up my own blog.  If so, will email class the URL

Orbiting Carbon Observatory (OCO) Mission
http://oco.jpl.nasa.gov

http://www.vandenberg.af.mil/
http://www.nasa.gov/mission_pages/oco/launch/launch_blog.html
http://oco.jpl.nasa.gov/
http://www.nasa.gov/mission_pages/oco/launch/launch_blog.htmlI
Missionhttp://oco.jpl.nasa.gov


Extra Slides
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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

[CO2(aq)] = 3.4 × 10−2 M / atm 380 × 10−2 atm = 1.292 × 10−2

For CO2 = 380 ppm:

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 ]

−
−

− ×
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Carbon Water Chemistry

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

[H+]3 – (Kw + HCO2K1pCO2)[H+] − 2 HCO2K1K2 pCO2 = 0

It can be shown (see, for example, page 294 of Seinfeld and Pandis, Atmospheric Chemistry and Physics, 2006):

This equation can be solved for [H+] and hence pH

where Kw = [H+][OH−] = 10−14 M2   at 298 K
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Carbon Water Chemistry

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

Shortcut:

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

i.e., that [H+] = [HCO3
−] both of which are >> [CO3

2−]

[CO2(aq)] = HCO2 pCO2 = 3.4 × 10−2 M / atm pCO2 = 1.292 × 10−5 M  for present day atmosphere

[H+] [HCO3
−] = K1 [CO2(aq)] = 4.3 × 10−7 M × 1.292 × 10−5 M  = 5.56 × 10−12 M2

[H+] [H+] = 5.56 × 10−12 M2  [H+] = 2.357 ×10−6 M

pH = 5.6  (380 ppm, 298 K)
Is our assumption justified? :

[CO3
2−] = K2 [HCO3

−]  / [H+] ≈ 4.7 × 10−11 M

If [H+] = [HCO3
−], then both of which indeed are >> [CO3

2−]
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Ocean Circulation: El Niño

Between normal conditions, the trade winds 
blow towards the west across the tropical 
Pacific. Cool waters from the deep ocean, 
rich in nutrients, upwell along the western 
coast of South America.  Major convection 
occurs around Indonesia.

During El Niño, the warm pool of water in the
Tropical Western Pacific “collapses”, flowing
to the east.  The convection cell moves
to the east, changing weather around the globe.
The collapse of the TWP warm pool shuts off
tropical upwelling, which devastates the
fishing industry throughout South America
(no nutrients from upwelling, no fish!) and also
greatly reduces the normal release of CO2 to
the atmosphere from deep waters rich in ΣCO2.

http://whyfiles.org/050el_nino/index.php?g=2.txt
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Ocean Uptake
− 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, ΣCO2,
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 Iron.  Not carbon limited.
b) Detrital material “rains” from surface to deep waters, contributing to

higher CO2 in intermediate and deep waters

The equatorial Pacific, a region of strong upwelling, 
is normally source of atmospheric CO2
(high levels of ΣCO2 in these waters)

http://www.pmel.noaa.gov/co2/elnino.html

La Niña, Dec 1995 to June 1996
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Ocean Uptake
− 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, ΣCO2,
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 Iron.  Not carbon limited.
b) Detrital material “rains” from surface to deep waters, contributing to

higher CO2 in intermediate and deep waters

http://www.pmel.noaa.gov/co2/elnino.html

El Niño, Oct 1997 to April 1998
Equatorial Pacific upwelling is “capped” during
El Niño.  This source of atmospheric CO2
is shut-down, which should, all other things
being equal, lead to a reduction in atmospheric CO2
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Indonesia Wildfires Associated With 1997 El Niño
Of course, rarely are “all other things equal” :
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