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 CO,
» Connection to prior material (AF & AT)
* Connection to field research

Lecture 06
17 February 2009
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5-year average of average global surface temerature (degrees Celsius)
Source: World Resources Institute, Earth Trends, "Global Climate Trends
2005"
<http:/ fearthtrends.wri.org/pdf_library/data_tables/cli5_2005.pdf>

[
o
o

[
B
o

>
P
K

g
{
<

...
w
o

Temperature (degrees Celsius)

...
bt
ES

http://www.chelseagreen.com/content/wp-content/avg_global temperature.jpg


http://www.chelseagreen.com/content/wp-content/avg_global_temperature.jpg

Modern

_Atmospheric Carbon Dioxide
Measured at Mauna Loa, Hawaii

1960 1970 1980 1990

2000

CO, Record

390

f
w
@
o

w
=y
o

T
W
(8)]
o

-350

SR
o o o
Carbon dioxide concentration (ppmv)

w
—n
o

1 ppm CO, = 10-6x 5.27x102" gmx 12/29 x 10-° ton/gm
=22x10%tons C
= 2.2 Gt (giga tons) C

A (CO,) years 1958 to 2005 = 64.6 ppm =142 Gt C



Global Carbon Cycle

Modern Fossil Fuel Emissions
1860 to 2005
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Data from http://cdiac.ornl.gov/ftp/ndp030/global.1751 2005.ems
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Global Carbon Cycle

Modern Fossil Fuel Emissions
1860 to 2005

Fossil fuel emissions, 1958 to 2005 =245 Gt C

A (CO,), 1958 to 2005 =142 Gt C

1860 1880 1900 1920 1940 1960 1980 2000 2020
YEAR

Data from http://cdiac.ornl.gov/ftp/ndp030/global.1751 2005.ems
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Global Carbon Cycle

Modern Fossil Fuel Emissions
1860 to 2005

Fossil fuel emissions, 1958 to 2005 =245 Gt C

A (CO,), 1958 to 2004 =142 GtC

~60 % of carbon emitted remains in the atmosphere

Gt C yr!

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

1860 1880 1900 1920 1940 1960 1980 2000 2020
YEAR

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 x 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 x 10°) tons of carbon per year.

How much is 8 Gt of carbon ?!1?

Mazda Miata weighs about 1 ton (2200 Ibs)
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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20 June 2007 World Carbon Emissions
China: 1.70 Gt C per year US: 1.58 Gt C per year

Last week, the Metherlands Environpiental Assessment
Agency produced a preliminary refort showing that
China had overtaken the UnitegdStates as the world's
largest emitter of carbon digxide from the burning of
fossil fuels and the manufatture of cement (44% of the
world's new cement is cdrrently being laid in China),

UNITED STA

Here's how the world's big’emitters stacked up. (GDP, the carbon intensity, China is in the worst

In per capita terms, #he United States is still easily position. The carbon intensity has dropped in all four
the most carbon-profligate economy, and it has made  economies since 1990, most impressively in China. But
by tar the largest pistorical contribution to the stock of  given economic growth, overall global CO, emissions
atmospheric C2G. In terms of the emissions it takes to  rose by more than 35% between 1990 and 2006.
provide a giveh amount of gross domestic product

EUROPE! INDIA

B Population {million)

W Total O, emissions (million tonnes)

W CO; emissions per capita (tonnes)

W COQ, intensity (tonnes per thousand US$ GDP)
B Cumulative CO, 1900-2006 {million tonnes)

Motes: 2006 figures from Metherlands Environmental Assessment Agency (NEAA) based an recently published BP (British
Petroleumn)} energy data and cement production data by the US Gaological Survey, 1990 figures from the International Energy
Agency (IEA) and curmulative 1900-2006 emissions {from the NEAA, IEA and World Resources Institute) both exclude cement
production. CO, intensity figures (from the IEA} are calculated on a purchasing power parity basis using 2000 prices.

*Figures from 2004; TEurope is the 15 members of the European Union as of 1995,
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Atmospheric CO,, 1860 to 2000
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Atmospheric CO,, 1860 to 2000
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Atmospheric CO,, 1860 to 2000

Industrial Carbon Emissions and Global Reservoir Changes Balance of Biosphere
6 ™ T T T T B 4 T T T T T T T,
=—— Fossil carbon emissions of e Annual terrestrial biosphere reservoir A . ]
5+ =--- Atmosphere 4 changes .2, H
=+ = Ogean — Emissions from land-use changes e
------ Net terrestrial biosphere: i === Sum of terrestrial sink processes implied A
T 4T (fossil carbon emissions — [atmosphere+ocean]) 1k by conservation of carbon Ry 1
Q 5
S o
G}
1840 1860 1880 1900 1920 1940 1960 1980
Year Year
(a) (b)

Figure 3.3 (a) Fossil carbon emissions (based on statistics of fossil fuel and
cement production) and estimates of global reservoir changes: atmosphere
(deduced from direct observations and ice core measurements), ocean
(calculated with the Geophysical Fluid Dynamics Laboratory (GFDL), University
of Princeton, ocean carbon model) and net terrestrial biosphere (calculated as
remaining imbalance) from 1840 to 1990. The calculation implies that the
terrestrial biosphere was a net source to the atmosphere prior to 1940 (negative
values) and has been a net sink since about 1960. (b) Estimates of contributions
to the carbon balance of the terrestrial biosphere. The curve showing the
terrestrial reservoir changes is taken from (a). Emissions from land-use changes
(including tropical deforestation) are plotted negatively because they represent a
loss of biospheric carbon, These estimates are subject to large uncertainties (see
uncertainty estimates in Table 3.7).
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Global Carbon Cycle
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Figure 3.1 The global carbon cycle, showing the carbon stocks in reservoirs (in
Gt) and carbon flows (in Gt year ') relevant to the anthropogenic perturbation
as annual averages over the decade from 1989 to 1998. Net ocean uptake of the
anthropogenic perturbation equals the net air/sea input plus run-off minus
sediment. The units are thousand millions of tonnes or gigatonnes (Gt).
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Global Carbon Cycle

615 Gtons ~ 836 in 2008 J

Atmosphere

731 G tons

= 12 years = Biosphere

1238 G tons

Soil

60 60
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( Surface ocean J N
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9744 G tons 43
Intermediate ocean

- - Tocean/atmosphere = 614 years
¢ TQOS A 4
26,280 G tons
Deep ocean
023 « /
G
\
90,000,000 G tons Tocean/sediments = 1.6%10°years
Sediments

Figure 11.8 Composite model for the global carbon cycle,
combining data in Figures 11.5 and 11.6. Reservoir contents are
in units of 10° tons C; transfer rates are in 10° tons C yr,
Carbon is deposited in sediment both as CaCO3 and as organic
matter. There is a small release of CO; in steady state from the
ocean; this source is employed in weathering of crustal rocks.

McElroy, The Atmospheric Environment, 2002
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CO, Is Long Lived

Table TS.2. Lifetimes, radiative efficiencies and direct (except for CH,) global warming potentials (GWP) relative to CO,. {Table 2.14}

Global Warming Potential for
Given Time Horizon

Industrial Designation Radiative

or Common Name Lifetime Efficiency SAR*

(years) Chemical Formula (years) (W m—=2 ppb—1! (100-y1) 20-yr 100-yr 500-yr

Carbon dioxide CO, See belowa b].4x10-5 1 1 1 1

Methanes CH, 12¢c 37x104 21 72 25 76

Mitrous oxide N,O 114 3.03x10-2 310 289 298 153
Notes:

T SAR refers to the IPCC Second Assessment Report (1995) used for reporting under the UNFCCC.

a The CO, response function used in this report is based on the revised version of the Bern Carbon cycle model used in Chapter 10 of this report
(Bern2.5CC; Joos et al. 2001) using a background CO, concentration value of 378 ppm. The decay of a pulse of CO, with time t is given by

3
a0+rE} a.e V% where ag = 0.217, a, = 0.250, a, = 0.338, a, = 0.186, , = 172.9 years, t, = 18.51 years, and t; = 1.186 years, for t < 1,000 years.

tive efficiency of CO, Is calculated using the IPCG (1990) simplified expression as revised In the TAR, with an updated background concentration
8 ppm and a perturbation of +1 ppm (see Section 2.10.2).

from IPCC 2007 “Physical Science Basis”

CO, has multiple time constants

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

To avoid 2xCO, (560 ppm),
much less 3xCO, (840 ppm),
there must be a drop in CO,
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!)

Carbon Dioxide Stabilization

1000

-850

700

550

-400

250

CO, Concentration (ppmv)

18

15
£12

CO, Emissions (GtC/yr)

1900 2000 2100 2200 2300

Image: “Global Warming Art” : http://www.globalwarmingart.com/wiki/Image:Carbon_Stabilization_Scenarios_png
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Global Carbon Cycle

Where is the CO, being sequestered?

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

If 60% stays in the atmosphere, then 0.4x7 Gt C/yr = 3 Gt C/yr must be going to land and oceans
Ocean uptake estimated to be:

CARBON
SINK

l

Minute changes in
atmospheric O,/N, ratio

[Bopp et al., 2002]
d13C isotopic fractionation

[Gruber and Keeling, 2001 ] TN TN

! N I N
Y
N
i
0.9 Gt 1.5 Gt 2.0 Gt 2.0 Gt
~ D S
In situ measurements Ship board measurements of ApCO,
atmospheric CO,, across air-sea interface
46 surface sites [Takahashi et al., 1999]

[Peylin et al., 2002] 23



Global Carbon Cycle

Where is the CO, being sequestered?

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

If 60% stays in the atmosphere, then 0.4x7 Gt C/yr = 3 Gt C/yr must be going to land and oceans.
Land uptake estimated to be:

CARBON
SINK

l

1.7 £ 0.5 GtC/yr for North America

0.1 £ 0.6 GtC/yr for Eurasia/North Africa
[Fan et al., 1992]

s
Y 0.5 GtC/yr for
N

continental United States
[Pacala et al., 2001]

!

1.8 Gt 2.4 Gt ———
_____ \T/

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] 24
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Figure 3.4 Partitioning of fossil fuel carbon dioxide uptake using oxygen
measurements. Shown is the relationship between changes in carbon dioxide
and oxygen concentrations. Observations are shown by solid circles and
triangles. The arrow labelled ‘fossil fuel burning’ denotes the effect of the
combustion of fossil fuels based on the O3 : CO» stoichiometric relation of the
different fuel types. Uptake by land and ocean is constrained by the
stoichiometric ratio associated with these processes, defining the slopes of the
respective arrows.
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Figure 3.4 Partitioning of fossil fuel carbon dioxide uptake using oxygen
measurements. Shown is the relationship between changes in carbon dioxide
and oxygen concentrations. Observations are shown by solid circles and
triangles. The arrow labelled ‘fossil fuel burning’ denotes the effect of the
combustion of fossil fuels based on the O3 : CO» stoichiometric relation of the
different fuel types. Uptake by land and ocean is constrained by the
stoichiometric ratio associated with these processes, defining the slopes of the
respective arrows.
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O, concentration, difference from standard (ppm)

Inferring CO,, Uptake Based on A(O,)
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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)
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Figure 3.4 Partitioning of fossil fuel carbon dioxide uptake using oxygen
measurements. Shown is the relationship between changes in carbon dioxide
and oxygen concentrations. Observations are shown by solid circles and
triangles. The arrow labelled ‘fossil fuel burning’ denotes the effect of the
combustion of fossil fuels based on the O3 : CO» stoichiometric relation of the
different fuel types. Uptake by land and ocean is constrained by the
stoichiometric ratio associated with these processes, defining the slopes of the
respective arrows.

30



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 CO, ?
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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 CO, ?
[CO,(aq)] = Hepy Peop, =34 % 102 M/ atm prg,

For CO, = 380 ppm:
[CO,(aq)] =3.4 x 102 M / atm 380 x 1072 atm = 1.292 x 1072

First equilibrium between CO,, HCO;~ (bicarbonate), and H*
CO,(aq) + H,O <~ HCO,~ + H*

_[HCO 1]
[CO, (aq)]

K =43 x 107 M (at 298 K)
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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 CO, ?
[CO,(aq)] = Hepy Peop, =34 % 102 M/ atm prg,

For CO, = 380 ppm:
[CO,(aq)] =3.4 x 102 M / atm 380 x 1072 atm = 1.292 x 1072

First equilibrium between CO,, HCO;~ (bicarbonate), and H*
CO,(aq) + H,O <~ HCO,~ + H*

_[HCO 1]
[CO, (aq)]

Second equilibrium between CO,%~ (carbonate), HCO,~, and H*

K =43 x 107 M (at 298 K)

H* + CO,2~ <> HCO,-

_[COF][H]
&~ Thoo, |

=47 x 10" M (at 298 K)
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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 CO, ?
[CO,(aq)] = Hepp Peop =34 x 102 M/ atm pg,

For CO, = 380 ppm:
[CO,(aq)] =3.4 x 102 M / atm 380 x 1072 atm = 1.292 x 1072

First equilibrium between CO,, HCO;~ (bicarbonate), and H*
CO,(aq) + H,O <~ HCO,~ + H*

_[HCO 1]
[CO, (aq)]

Second equilibrium between CO,%~ (carbonate), HCO,~, and H*

K =43 x 107 M (at 298 K)

H* + CO,2~ <> HCO,-

_[COF][H]
&~ Thoo, |

=47 x 10" M (at 298 K)

Can show (see extra slides) that pH = 5.6 (for CO,=380 ppm, T=298 K)
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Ocean Acidity

Acidity of actual ocean is more complex
Dominant cations are Na*, K*, Mg?* and Ca?*

Most common anions are Cl-, Br—, and SO,

Positive charge of cations slightly larger than negative charge of anions:
slight difference is called “Ocean Alkalinity”, and is balanced by HCO,~ and CO;*-

[AIK] = [HCO, | +2 [CO, >

Atmospheric CO,, CO,(aq), HCO;~, CO,* follow same relations described above.
We define:

X [CO,] = [CO4(aq)] + [HCO;] +2 [CO, *]

and note that the relation between X [CO,] and its components depends on T, Alk, and p.,
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Ocean Acidity
When CO, dissolves:

Net: CO,(aq) + CO,* + H,0 — 2 HCO,~
Remember:
k[0
[HCO; ]
If [HCO,] rises, as it must, and CO,?~ falls, as it must, then [H+] must RI SE to maintain
the constant value of the above expression !

=47 x 10" M (at 293K)

08 —

06 |—

Jacob, Introduction to Atmospheric Chemistry

0.4 P—

Mole Fraction

0.2 P—

]
8 10 12

2 4
pH
Fig. 6-7 Speciation of total carbonate CO,(aq) in seawater versus pH.
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Ocean Acidity

- Fate of carbon 1s important:
— Ocean sink: leads to ocean acidification

Essentially, the ability of the ocean to absorb CO, is limited by CO;%:

Atmospheric 280 ppm 560 ppm 840 ppm
CO, Pre-Industrial | 2 x Pre-Indus. | 3 % Pre-Indus.
[X CO,] 1893 x107M | 2040 x10°M | 2155 x10°M
[HCO;] 1617 x10°M | 1850 x10M | 2014 x10 M
[CO,(aq)] |8 x10°M 15 x10°M 26 x10° M
[CO;%7] 268 x10°M | 176 x10°M | 115 x10°°M
pH 8.15 791 7.76
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Ocean Acidity

- Fate of carbon 1s important:
— Ocean sink: leads to ocean acidification

Essentially, the ability of the ocean to absorb CO, is limited by CO;%:

Atmospheric 280 ppm 560 ppm 840 ppm
CO, Pre-Industrial | 2 X Pre-Indus. | 3 x Pre-Indus.
[X CO,] 1893 x10°°M | 2040 x10°M | 2155 x10°°M
[HCO;] 1617 x107°M | 1850 x10°M [ 2014 x10°* M
[CO, (aq)] 8 x107°M 15 %10 M 26 X107 M
[CO;%7] 268 x10°M | 176 x10°M | 115 x10°M
pH 8.15 7.91 7.76
i

—

Note : due to presence of cations, ocean is slightly basic



Ocean Acidity

- Fate of carbon 1s important:
— Ocean sink: leads to ocean acidification

Essentially, the ability of the ocean to absorb CO, is limited by CO;%:

Atmospheric 280 ppm 560 ppm 840 ppm
CO, Pre-Industrial | 2 X Pre-Indus. | 3 x Pre-Indus.
[X CO,] 1893 x10°°M | 2040 x10°M | 2155 x10°°M
[HCO;] 1617 x107°M | 1850 x10°M [ 2014 x10°* M
[CO, (aq)] 8 x107°M 15 %10 M 26 X107 M
[CO;%7] 268 x10°M | 176 x10°M | 115 x10°M
S ~~ -
pH 8.15 // 7.91 7.76

~

Note : [CO,*7] drops as atmospheric CO, rises
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Ocean Acidity

- Fate of carbon 1s important:
— Ocean sink: leads to ocean acidification

Essentially, the ability of the ocean to absorb CO, is limited by CO;%:

Revelle Factor =

Atmospheric 280 ppm 560 ppm 840 ppm
CO, Pre-Industrial | 2 X Pre-Indus. | 3 x Pre-Indus.
[X CO,] 1893 x10°°M | 2040 x10°M | 2155 x10°°M
[HCO;] 1617 x107°M | 1850 x10°M [ 2014 x10°* M
[CO, (aq)] 8 x107°M 15 %10 M 26 X107 M
[CO;%7] 268 x10°M | 176 x10°M | 115 x10°M
pH 8.15 7.91 7.76
APcoy /Peon 280/420

AXCO, /5CO,  147/1966.5

280/700

115/2097.5

= 8.9 (from pre-industrial to 2x CO, )

=7.3 (from 2x CO, to 3xCO,)
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Roger Revelle

In 1957, Revelle co-authored a paper with Hans Suess 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 CO,, 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
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Roger Revelle

In 1957, Revelle co-authored a paper with Hans Suess 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 CO,, 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 mentions Roger Revelle as a personal inspiration in a segment of the Academy Award-
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 CO, 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 CO,

b) Deep water forms at high latitude. As deep water sinks, 2CO,
accumulated at the surface 1s moved to the deep ocean interior.

— Biological Pump:
a) Ocean biology limited by availability of nutrients such as NO;~, PO,,
and Fe?* & Fe3* . Ocean biology is never carbon limited.

b) Detrital material “rains” from surface to deep waters, contributing to
higher CO, 1n intermediate and deep waters

)\ Greatosean Conveyor Belt

&

L
o=

' \v kf-v T S waRM
s
e

http://science.nasa.gov/headlines/y2004/05mar_arctic.htm
44
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Ocean Uptake
— Solubility Pump:

a) more CO, 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 CO,

b) Deep water forms at high latitude. As deep water sinks, 2CO,
accumulated at the surface 1s moved to the deep ocean interior.

— Biological Pump:
a) Ocean biology limited by availability of nutrients such as NO;~, PO,,
and Fe*" & Fe3* . Ocean biology is never carbon limited.

b) Detrital material “rains” from surface to deep waters, contributing to
higher CO, in intermediate and deep waters

CO, comes out of tropical ocean

/ CO, goes into rest of the ocean

| —8— Wanninkhof-92 5
-3 H —®— Wanninkhof & McGillis-99 | ¥

Flux [mol m-2 yr-1]

[+ * O+ Liss&Merlivat-86
[| =+ Nightingale et al., 2000 .
_4 e e} | e
-60 -40 -20 0 20 40 60
Latitude

http://www.pmel.noaa.gov/pubs/outstand/feel2331/images/fig05.gif
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Fate of Carbon Important
Land sink

As CO, 1, photosynthesis (all things being equal) will increase.
Known as the “CO, fertilizer” effect

Difficult to quantify: plants behave differently as individuals than in groups

The carbon dioxide ‘fertilisation’ effect

An important positive effect of increased carbon dioxide (CO;) con-
centrations in the atmosphere is the boost to growth in plants given by
the additional CQ,. Higher CO, concentrations stimulate photosynthe-
sis, enabling the plants to fix carbon at a higher rate. This is why in
glasshouses additional CO, may be introduced artificially to increase
productivity. The effect is particularly applicable to what are called C3
plants (such as wheat, rice and soya bean), but less so to C4 plants (for
example, maize, sorghum, sugar-cane, millet and many pasture and for-
age grasses). Under ideal conditions it can be a large effect; for C3 crops
under doubled CO», an average of +30%.3” However, under real con-
ditions on the large scale where water and nutrient availability are also
important factors influencing plant growth, experiments show that the
increases, although difficult to measure accurately, tend to be substan-
tially less than the ideal.*® In experimental work, grain and forage quality
declines with CO, enrichment and higher temperatures. More research
is required especially for many tropical crop species and for crops grown
under suboptimal conditions (low nutrients, weeds, pests and diseases).

Page 166, Houghton



Fate of Carbon Important

Land sink: relatively short lived reservoir !!!
e In this model, future water stress due to climate change eventually limits plant growth
e |PCC 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
e The results of this model were the basis for Fig 3.5 of the Houghton reading

1000
. <— Climate-Land Feedback
Atmospheric CO,
800 1 <— No Feedback
S 600 -
o
400 -

200 T T T
1850 1900 1950 2000 2050 2100

Projected future CO,and T
for a single CO, emission scenario =

20

<— Climate-Land Feedback

Global Mean Temperature

<— No Feedback

1850 1900 1950 2000 2050 2100

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)

Diminishing pH levels will weaken the ability of certain marine organisms to build their hard parts and will be felt soonest and
most severely by those creatures that make those parts of aragonite, the form of calcium carbonate thatis most prone to
dissolution. The degree of threat will vary regionally.

Before the Industrial Revolution [/eft), most surface waters were substantially “oversaturated” with respect to aragonite (light blue),
allowing marine organisms to form this mineral readily. But now (center), polar surface waters are only marginally oversaturated (dark blue).
At the end of this century (right), such chilly waters, particularly those surrounding Antarctica, are expected to become undersaturated
(purple), making it difficult for organisms to make aragonite and causing aragonite already formed to dissolve.

Pteropods form a key link in the food
chain throughout the Southern Ocean.
For these animals (and creatures that
depend on them), the coming changes
may be disastrous, as the images at
theright suggest. The shellof a
pteropod kept for 48 hours in water
undersaturated with respect to
aragonite shows corrosion on the
surface (a), seen most clearly at high
magnification (b). The shell of a normal
pteropod shows no dissolution (c).

.

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




CO, Latitudinal Gradient: “Fingerprint” of Human Release

Observational Constraints on the Global
Atmospheric CO, Budget

P1ETER P Tans, Inez Y. FunGg, TArO TAKAHASHI

CO, concentration (ppm)

Sine of latitude

Fig. 5. Results of model calculations (scenario 1, Table 3) of the atmospheric
CO; concentrations at the GMCC sites (squares and dashed curve) arc
compared with the observed concentrations (circles and solid curve). All
values are relative to the global mean. The curves are least-squares cubic
polynomial fits; the differences between the curves are not statistically
significant. ’
SCIENCE, VOL. 247

1990



13CO, Time Evolution: “Fingerprint” of Fossil Fuel Burning
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14CO, has “fingerprint” of something else:

Chapter 2, IPCC 2007
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Carbon Sinks Hard to Specify
Because CO, Monitoring Network is Sparse

THE WORLD'S CO, MEASURING STATIONS

# Continuous measurement sites
# Flask sampling sites

Aircraft and ship measurements are not
shown. Major contributors: MOAA,

Scripps, CarboEurope, Australia, Japan.

Nature, 450, 789-790, 5 Dec 2007.

51



Orbiting Carbon Observatory (OCO) Mission
http://oco.jpl.nasa.qov <SP0

Watching the Earth breathe...
mapping CO, from Space

Orbiting Carbon Observatory

- First global measurements of CO, (500,000 measurements per day)

* 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.qov SJPL

Watching the Earth breathe...
mapping CO, from Space

Orbiting Carbon Observatory . * :

- First global measurements of CO, (500,000 measurements per day)
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* Records very high resolution spectra of reflected solar radiation
« Launch planned for early 2009
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Orbiting Carbon Observatory (OCO) Mission
http://oco.jpl.nasa.qov SJPL

Watching the Earth breathe...
\

mapping CO, from Space

Orbiting Carbon Observatory

- First global measurements of CO, (500 OOO 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!)
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Orbiting Carbon Observatory (OCO) Mission
http://oco.jpl.nasa.qov SJPL

Watching the Earth breathe...
\

mapping CO, from Space

OCO

Orbiting Carbon Observatory

- First global measurements of CO, (500 OOO 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!)

| 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, | will be spending a lot of time in Calif

Can follow launch activities at;:

http://www.vandenberg.af.mil/
http://Iwww.nasa.gov/mission pages/oco/launch/launch blog.html

| may set up my own blog. If so, will email class the URL


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 CO, ?
[CO,(aq)] = Hepp Peop =34 x 102 M / atm prg,

For CO, = 380 ppm:
[CO,(aq)] =3.4 x 102 M / atm 380 % 102 atm = 1.292 x 102

First equilibrium between CO,, HCO;~ (bicarbonate), and H*
CO,(aq) + H,O « HCO,~ + H*

_[HCO ][]
[CO, (aq)]

Second equilibrium between CO,%~ (carbonate), HCO,~, and H*
[CO} ] [H']
[HCO; ]

K =43 x 107 M (at 298K)

K = =47 x 10" M (at 298 K)

Y



Carbon Water Chemistry

Acidity of pure water 1s 7. What 1s acidity of water in equilibrium with atmospheric CO, ?

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

[H']? — (K, + HepoK peo) [H] = 2 Hepo K K, peg, =0
where K, = [H'][OH"] = 10"1# M? at298 K

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

58



Carbon Water Chemistry

Acidity of pure water 1s 7. What 1s acidity of water in equilibrium with atmospheric CO, ?

Shortcut:

[COz(aq)] =Hcg, Peon = 3.4 x 102 M/ atm Pcor = 1.292 X 10> M for present day atmosphere

[H*] [HCO;7] =K, [CO,(aq)] =4.3 x 1077 M x 1.292 x 105 M =5.56 x 10-12 M?
Assume charge balance is primarily between [H"] and [HCO,~]:

1.e., that [H"] = [HCO;"] both of which are >> [CO;27]
[Hf] [H]=5.56 x 10-12M? = [H]=2.357 x10°M

pH = 5.6 (380 ppm, 298 K)

Is our assumption justified? :

[CO2 =K, [HCO;,] /[H*]=4.7x 101 M

If [H"] = [HCO,], then both of which indeed are >> [CO,7]
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Ocean Circulation: El Nino

Normal Conditions
I :
i, Between normal conditions, the trade winds
Z 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.

Eqquaior

120°E 80w

During El Nifo, the warm pool of water in the
' ST ' Tropical Western Pacific “collapses”, flowing
i , increased ¥ ;
' Conveciion | 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 CO, to
the atmosphere from deep waters rich in ZCO,.

120°E BO™W

ROAAARAE] STAD

http://whyfiles.org/050el_nino/index.php?g=2.txt
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Ocean Uptake
— Solubility Pump:

a) more CO, 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 CO,

b) Deep water forms at high latitude. As deep water sinks, 2CO,
accumulated at the surface 1s moved to the deep ocean interior.

— Biological Pump:
a) Ocean biology limited by availability of nutrients such as NO;~, PO,,
and Iron. Not carbon limited.

b) Detrital material “rains” from surface to deep waters, contributing to
higher CO, in intermediate and deep waters

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

http://www.pmel.noaa.gov/co2/elnino.html _ HERRN -:D S8l

T 65 655 545 435 3252 151 05 0 -05 -1[moles/m? fyr]
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Ocean Uptake
— Solubility Pump:

a) more CO, 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 CO,

b) Deep water forms at high latitude. As deep water sinks, 2CO,
accumulated at the surface 1s moved to the deep ocean interior.

— Biological Pump:
a) Ocean biology limited by availability of nutrients such as NO;~, PO,,
and Iron. Not carbon limited.

b) Detrital material “rains” from surface to deep waters, contributing to
higher CO, in intermediate and deep waters

El Nifio, Oct 1997 to April 1998 &4

Equatorial Pacific upwelling is “capped” during

El Nifio. This source of atmospheric CO,

is shut-down, which should, all other things

being equal, lead to a reduction in atmospheric CO,

C0O, Flux
http://www.pmel.noaa.gov/co2/elnino.html _ HEEEN -jj 2

7 65 655 545 435 3252 151 05 0 -05 -1 [moles/m? fyr]
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Indonesia Wildfires Associated With 1997 EIl Nino

Of course, rarely are “all other things equal”

The amount of carbon released
from peat and forest fires in
Indonesia during 1997

Susan E. Page*, Florian Siegert+:, John 0. Rieleys, 4
Hans-Dieter V. Boehm, Adi Jaya|| & Suwido Limin|| (c)

—— monthly atmospheric increase (filtered)

* Department of Geography, University of Leicester, Leicester LE1 7RH, UK

widespread fires throughout the forested peatlands of Indone-
sia’™" during the 1997 El Nino event. Here, using satellite images
of a 2.5 million hectare study area in Central Kalimantan,
Borneo, from before and after the 1997 fires, we calculate that i
32% (0.79 Mha) of the area had burned, of which peatland '
accounted for 91.5% (0.73 Mha). Using ground measurements 14
of the burn depth of peat, we estimate that 0.19-0.23 gigatonnes
(Gt) of carbon were released to the atmosphere through peat sl ala] N
combustion, with a further 0.05 Gt released from burning of the 0 ARAS RRRRS REARN RARLN LA LR RAREE LR
overlying vegetation. Extrapolating these estimates to Indonesia 1960 1970 1980 1990 2000
as a whole, we estimate that between 0.81 and 2.57 Gt of carbon Year

were released to the atmosphere in 1997 as a result of burning

peat and vegetation in Indonesia This is equivalent to 13—40% of

the mean annual global carbon emissions from fossil fuels, and

contributed greatly to the largest annual increase in atmospheric

CO; concentration detected since records began in 1957 iref. 1).

ppm (yr)
no
1

NATURE |VOL 420 |7 NOVEMBER 2002 | www.nature.com/nature

63



	Global Carbon CycleAOSC 434/658R & CHEM 434/678A
	Modern CO2 Record
	Modern CO2 Record
	Modern CO2 Record
	Modern CO2 Record
	Modern CO2 Record
	Modern CO2 Record
	Modern CO2 Record
	Modern CO2 Record
	Global Carbon Cycle
	Global Carbon Cycle
	Global Carbon Cycle
	Human Release of Carbon
	Human Release of Carbon
	World Carbon Emissions
	Atmospheric CO2, 1860 to 2000
	Atmospheric CO2, 1860 to 2000
	Atmospheric CO2, 1860 to 2000
	Global Carbon Cycle
	Global Carbon Cycle
	CO2 Is Long Lived
	CO2 Is Long Lived
	Global Carbon Cycle
	Global Carbon Cycle
	Inferring CO2 Uptake Based on (O2)
	Inferring CO2 Uptake Based on (O2)
	Inferring CO2 Uptake Based on (O2)
	Inferring CO2 Uptake Based on (O2)
	Inferring CO2 Uptake Based on (O2)
	Inferring CO2 Uptake Based on (O2)
	Carbon Water Chemistry
	Carbon Water Chemistry
	Carbon Water Chemistry
	Carbon Water Chemistry
	Carbon Water Chemistry
	Ocean Acidity
	Ocean Acidity
	Ocean Acidity
	Ocean Acidity
	Ocean Acidity
	Ocean Acidity
	Roger Revelle
	Roger Revelle
	Ocean Uptake
	Ocean Uptake
	Fate of Carbon Important
	Fate of Carbon Important
	Fate of Carbon Important
	CO2 Latitudinal Gradient: “Fingerprint” of Human Release
	13CO2 Time Evolution: “Fingerprint” of Fossil Fuel Burning
	Carbon Sinks Hard to Specify Because CO2 Monitoring Network is Sparse
	Orbiting Carbon Observatory (OCO) Missionhttp://oco.jpl.nasa.gov
	Orbiting Carbon Observatory (OCO) Missionhttp://oco.jpl.nasa.gov
	Orbiting Carbon Observatory (OCO) Missionhttp://oco.jpl.nasa.gov
	Orbiting Carbon Observatory (OCO) Missionhttp://oco.jpl.nasa.gov
	Extra Slides
	Carbon Water Chemistry
	Carbon Water Chemistry
	Carbon Water Chemistry
	Ocean Circulation: El Niño
	Ocean Uptake
	Ocean Uptake
	Indonesia Wildfires Associated With 1997 El Niño


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Impact
    /LucidaConsole
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




