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Ross Salawitch

Class Web Site: http://www.atmos.umd.edu/~rjs/class/spr2015

Lecture 5
10 February 2015

Global Carbon Cycle
AOSC 433/633 & CHEM 433

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

of the reading material
• Ocean and land uptake of CO2

• Connect to recent news, prior lecture (glacial CO2 draw down),
as well as IPCC (2013)

http://www.atmos.umd.edu/%7Erjs/class/spr2015
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Motivation 1

 RCP: Representative Concentration Pathway
Integer represents W m−2 RF of climate that occurs

at the end of this century, for each scenario

 GHG mixing ratio time series for CO2, CH4, N2O,
as well as CFCs, HCFCs, and HFCs  provided to
climate model groups

What is the utility of “command central” providing
GHG scenarios to the climate model groups?

 How do you think these various scenarios are devised?

Observation
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Motivation 2

 Prior slide examined atmosphericCO2 MR from
a single model of the global carbon cycle

 Friedlingstein et al. (2006) compared CO2 MR from
11 different coupled climate-carbon cycle models,
each constrained by the same specified time series
of anthropogenic CO2 emission and found:

1) future climate change will reduce the efficiency
of the Earth system to absorb the anthropogenic
carbon perturbation

2) the difference in CO2 MR between a run with an
interactive carbon-cycle and a run with a
non-interactive carbon-cycle varies from
20 to 200 ppm among these 11 models (yikes!)
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Motivation 3

Article 3
1. The Parties included in Annex I shall, individually or 

jointly, ensure that their aggregate anthropogenic 
carbon dioxide equivalent emissions of the 
greenhouse gases listed in Annex A do not exceed 
their assigned amounts, calculated pursuant to their 
quantified emission limitation and reduction 
commitments inscribed in Annex B and in accordance 
with the provisions of this Article, with a view to 
reducing their overall emissions of such gases by at 
least 5 per cent below 1990 levels in the commitment 
period 2008 to 2012.

2. Each Party included in Annex I shall, by 2005, have 
made demonstrable progress in achieving its 
commitments under this Protocol.

3. The net changes in greenhouse gas emissions by 
sources and removals by sinks resulting from direct 
human-induced land-use change and forestry 
activities, limited to afforestation, reforestation and 
deforestation since 1990, measured as verifiable 
changes in carbon stocks in each commitment period, 
shall be used to meet the  commitments under this 
Article of each Party included in Annex I. The 
greenhouse gas emissions by sources and removals 
by sinks associated with those activities shall be 
reported in a transparent and verifiable manner and 
reviewed in accordance with Articles 7 and 8.

KYOTO PROTOCOL TO THE 
UNITED NATIONS 

FRAMEWORK CONVENTION ON 
CLIMATE CHANGE
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Modern CO2 Record

Legacy of Charles Keeling, Scripps Institution of Oceanography, La Jolla, CA
http://www.esrl.noaa.gov/gmd/ccgg/trends

CO2 MR :
Global Dec 2014: 399.39 ppm

Jan 2015 might be first month
global CO2 is over 400 ppm  

Sustained data above
400 ppm at Mauna Loa Obs (MLO)

starting May 2014

http://www.esrl.noaa.gov/gmd/ccgg/trends
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Modern CO2 Record

Model simulation constrained by early space-borne observations
http://www.esa-ghg-cci.org/?q=node/115

CO2 Flying Carpet

http://www.esa-ghg-cci.org/?q=node/115
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13CO2 Time Evolution: “Fingerprint” of Fossil Fuel Burning

Chapter 6, IPCC 2013

MLO: Mauna Loa Observatory
SPO: South Pole Observatory
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Fossil Fuel Emissions

Coal dominated early

Coal largest
today
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Fossil Fuel Emissions

Fossil fuel emissions, 1959 =  2.5 Gt C
2012 =  9.7 Gt C

What are the primary driving factors for this rise?

How can we quantify standard of living versus
population growth contribution to this rise?
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World Carbon Emissions20 June 2007
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
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12 Nov 2014

 The Presidents of the United States and China announced
their respective post-2020 actions on climate change,
recognizing that these actions are part of the longer range effort
to transition to low-carbon economies, mindful of the global
temperature goal of 2°C. The U.S. intends to achieve an
economy-wide target of reducing emissions by 26%-28%
below its 2005 level in 2025 ; China intends to achieve
peaking of CO2 emissions around 2030 and make best effort
to peak early & intends to increase share of non-fossil fuels in
primary energy consumption to ~20% by 2030.

Text: http://www.whitehouse.gov/the-press-office/2014/11/11/us-china-joint-announcement-climate-change
Image: http://www.asianews.it/news-en/China-and-the-United-States-agree-to-climate-agreement-by-2030-32676.html

 The United States and China hope that by announcing these targets now, they can inject momentum
into the global climate negotiations and inspire other countries to join in coming forward with ambitious
actions as soon as possible, preferably by the first quarter of 2015 … to reach a successful global climate
agreement in Paris in late 2015.

 The two sides have among other things:
− established the U.S.-China Climate Change Working Group (CCWG), under which they have launched initiatives

on vehicles, smart grids, carbon capture, energy efficiency, GHG data management, forests and industrial boilers;
− agreed to work together towards the global phase down of hydrofluorocarbons (HFCs)
− created the U.S.-China Clean Energy Research Center, which facilitates collaborative work in carbon capture and

storage technologies, energy efficiency in buildings, and clean vehicles; and
− agreed on a joint peer review of inefficient fossil fuel subsidies under the G-20.

http://www.whitehouse.gov/the-press-office/2014/11/11/us-china-joint-announcement-climate-change
http://www.asianews.it/news-en/China-and-the-United-States-agree-to-climate-agreement-by-2030-32676.html
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World Carbon Emissions

Figures courtesy Walt Tribett
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World Carbon Emissions

Figure courtesy Walt Tribett

US, Western Europe,
& Soviet Driven Rise
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Modern CO2 Record

∆ mass of atmospheric C, 1959 to 2012 = 181 Gt C

Fossil Fuel Emissions, 1959 to 2012 = 305 Gt C
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Atmospheric CO2 since ~1860

Why did CO2 start to rise ?

Figure 3.5, Chemistry in Context
6th Edition
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Global Carbon Cycle

Now about 880 Gt C

Now almost
10 Gt C / yr !

Page 30, Houghton
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Global Carbon Cycle

τ FOREST ≈ 10 yrs 
(610/60)

τSURACE WATERS ≈ 11 yrs
(1000/91)

τ SEDIMENT ≈ 1.6×105 yrs (RJS estimate)
τOCEAN ≈ 430 yrs

(39000/91)

Fig 3.2, Chemistry in Context

Now about 880 Gt C
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from IPCC 2007 “Physical Science Basis”

CO2 Is Long Lived

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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Inferring CO2 Uptake Based on ∆(O2)

O2 falls a tiny bit
as CO2 rises

)2 2

y 2 2 2

Slope of (O ) 1.3 (CO
representing combustion:

y y       CH  + (1+ ) O    H O + CO
4 2

of average fossil fuel mix used from 1990 to 2000

∆ ≈ − ∆

→

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

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)
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Bookkeeping:
Atmospheric Release: 30.0 ppm (66 Gt)
Atmospheric Increase: 15.1 ppm (~50% airborne fraction)
Land Uptake: 5.4 ppm (36% of uptake)
Ocean Uptake: 9.5 ppm (64% of uptake)

Note: As  the ocean warms, O2 solubility decreases.
In other words, as climate changes, the oceans outgas O2.
Bopp et al. (GBC, 2002) applied a correction for
ocean outgassing and concluded:

Bopp et al. O2 increase
due to outgassing
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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:

1.5 Gt 2.0 Gt 2.0 Gt 3.0 Gt0.9 Gt

δ13C isotopic fractionation
[Gruber and Keeling, 2001]

Ship board measurements of  ∆pCO2
across air-sea interface
[Takahashi et al., 1999]

Minute changes in
atmospheric O2/N2 ratio

[Bopp et al., 2002]

CARBON
SINK

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:

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]
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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 & plants lead to almost 100 ppm additional CO2

by end of century

Page 41, Houghton

Ocean sink: relatively long lived reservoir
In nearly all models, ocean uptake slows

relative to rise in atmospheric CO2
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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 (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

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 (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://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
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Uptake of Atmospheric CO2 by Oceans
When CO2 dissolves:

Net: CO2(aq) + CO3
2− + H2O → 2 HCO3

−

Notes:
T = 293 K; Alkalinity= 2.25×10−3 M
M ≡ mol/liter
Mathematics supporting this calculation on Extra Slide 3

Atmospheric
CO2

280 ppm
Pre-Industrial

400 ppm
Present Day

560 ppm
2 × Pre-Indus.

Ocean Carbon 2020 ×10−6 M 2075 ×10−6 M 2122 ×10−6 M

[HCO3
−] 1772 ×10−6 M 1875 ×10−6 M 1957 ×10−6 M

[CO2 (aq)] 9.1 ×10−6 M 13.0 ×10−6 M 18.2 ×10−6 M

[CO3
2−] 239 ×10−6 M 188 ×10−6 M 146 ×10−6 M

pH 8.32 8.19 8.06

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

2−]
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Uptake of Atmospheric CO2 by Oceans

AVERAGE

CO2 CO2 AVERAGE

Ocean Carbon Ocean Carbon
Revelle Factor = 

Atmos Atmos
∆

∆

2
47 2098.5  = 0.067 (from present-day to 2  pre-industrial CO )
160 480

= ×

When CO2 dissolves:

Net: CO2(aq) + CO3
2− + H2O → 2 HCO3

−

2
55 2047.5=  = 0.076 (from pre-industrial to present-day CO )
120 340

Atmospheric
CO2

280 ppm
Pre-Industrial

400 ppm
Present Day

560 ppm
2 × Pre-Indus.

Ocean Carbon 2020 ×10−6 M 2075 ×10−6 M 2122 ×10−6 M

[HCO3
−] 1772 ×10−6 M 1875 ×10−6 M 1957 ×10−6 M

[CO2 (aq)] 9.1 ×10−6 M 13.0 ×10−6 M 18.2 ×10−6 M

[CO3
2−] 239 ×10−6 M 188 ×10−6 M 146 ×10−6 M

pH 8.32 8.19 8.06
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Biology in Today’s Ocean

http://www.whoi.edu/page.do?pid=130796

http://www.whoi.edu/page.do?pid=130796
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Connection to Glacial CO2

See http://onlinelibrary.wiley.com/doi/10.1029/PA005i001p00001/abstract

Vostok Ice Core

http://onlinelibrary.wiley.com/doi/10.1029/PA005i001p00001/abstract
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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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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 & plants lead to almost 100 ppm additional CO2

by end of century

Page 41, Houghton

 Future fate of land sink highly uncertain according
to 11 coupled climate-carbon cycle models examined
by Friedlingstein et al. (2006)
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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: 

Page 166, Houghton
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Uptake of Atmospheric CO2 by Trees (Land Sink)
One more problem: Friedlingstein (2006) changes in land uptake are driven by future 
drought, and future precipitation is notoriously difficult to predict

Figure 1, Chapter 12, IPCC (2013)
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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 3.9 × 10−4 atm = 1.326 × 10−5 M 

For CO2 = 390 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 ]

−
−

− ×

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)

Extra Slide 1
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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
−] and that both are >> [CO3

2−]

[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

[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

Extra Slide 2
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Ocean Acidity
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

Extra Slide 3

+
3

1
2

[HCO ] [H ]K  = 
[CO (aq)]

− 2 +
3

2
3

[CO ] [H ]K  = 
[HCO ]

−

−

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

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 α, 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−].

The three equations above can be re-arranged to yield:
2

32
2 2

1 3

[HCO ]KpCO (vmr) = 
K [CO ]α

−

−

 
 
 

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