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Global Carbon Cycle

AOSC / CHEM 433 & AOSC / CHEM 633
Ross Salawitch

   

Lecture 5
12 September 2024

Class Web Sites: 
http://www2.atmos.umd.edu/~rjs/class/fall2024  
https://umd.instructure.com/courses/1367293     

Goals for today:
• Overview of the Global Carbon Cycle “scratching below the surface”
• Ocean and land uptake of CO2 : past and future
• Policy to reduce emissions of CO2

http://www2.atmos.umd.edu/%7Erjs/class/fall2024
https://umd.instructure.com/courses/1367293
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Geological Evolution of Earth’s Atmosphere:
Early Atmosphere: Photosynthesis

• Photosynthesis: Source of O2

 6CO2 + 6H2O + energy → C6H12O6 + 6 O2

•  Respiration and Decay: Sink of O2

  C6H12O6 + 6 O2 → 6CO2 + 6H2O + energy 

CO2
O2Photosynthesis

Respiration and decay

Org. C

Org. C

Lecture 01

http://iconbazaar.com/bars/contributed/pg04.html
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Background

 SSP: Share Socioeconomic Pathways (SSPs)
            Number represents ∆RF of climate (W m−2) at the end of this century

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

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

Figure from McBride et al., 2021: https://esd.copernicus.org/articles/12/545/2021 

https://esd.copernicus.org/articles/12/545/2021
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Motivation 1Motivation 1

CO2 is long lived: society must reduce
emissions soon or we will be committed

to dramatic, future increases in [CO2]

Curves for which [CO2] levels off
at ~550 ppm or less have
emissions peaking NOW !

Image: “Global Warming Art” : http://archive.is/JT5rO 

http://archive.is/JT5rO
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Motivation 2

 Prior slides examined atmospheric CO2 from
   a single model of the global carbon cycle

 Friedlingstein et al. (2006) compared CO2 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)  difference in CO2 between a simulation using an
             interactive carbon-cycle and another run with a
             non-interactive carbon-cycle varies from
             20 to 200 ppm among these 11 models (yikes!)
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Fossil Fuel Emissions

Note: Gt is an abbreviation for giga tons, or 109 tons.  Here we are using metric tons:
       1 metric ton = 103 kg ; therefore, 1 Giga ton = 1015 g, where g is grams.

Emissions for 2023 preliminary
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Modern CO2 Record

Figure 3.3, Chemistry in Context
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Modern CO2 Record
Combustion:

          Gasoline (octane)    2 C8H18 + 25 O2 + Small Source of Energy    →      16 CO2 + 18 H2O + Lots of Energy
           Natural gas (methane)    CH4 + 2 O2 + Small Source of Energy    → CO2 +   2 H2O + Lots of Energy
               Coal         C135H96O9NS  + 309 O2 + Small Source of Energy    →    135 CO2 + 48 H2O + Lots of Energy + Other Pollutants 

Legacy of Charles Keeling, Scripps Institution of Oceanography, La Jolla, CA
https://www.esrl.noaa.gov/gmd/webdata/ccgg/trends/co2_data_mlo.png
See also https://www.co2.earth/daily-co2 and https://gml.noaa.gov/ccgg/trends/global.html 

https://www.esrl.noaa.gov/gmd/webdata/ccgg/trends/co2_data_mlo.png
https://www.co2.earth/daily-co2
https://gml.noaa.gov/ccgg/trends/global.html
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Carbon Dioxide (CO2): The Past Eight Millennium

https://twitter.com/RARohde/status/1443890623371677698

Robert Rohde: https://twitter.com/RARohde

Combustion:
          Gasoline (octane)    2 C8H18 + 25 O2 + Small Source of Energy    →      16 CO2 + 18 H2O + Lots of Energy
           Natural gas (methane)    CH4 + 2 O2 + Small Source of Energy    → CO2 +   2 H2O + Lots of Energy
               Coal         C135H96O9NS  + 309 O2 + Small Source of Energy    →    135 CO2 + 48 H2O + Lots of Energy + Other Pollutants 

9

https://twitter.com/RARohde/status/1443890623371677698
https://twitter.com/RARohde
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Modern CO2 Record

Why did CO2 start to rise ?

Figure 3.5, Chemistry in Context, 7th Edition
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Fossil Fuel Emissions
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Human “Fingerprints” on Atmospheric CO2

Fig 3.4, Houghton

1960 1970 1980 1990 2000 2010
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Human “Fingerprints” on Atmospheric CO2

Fig 1.8 updated, Paris Beacon of Hope
MLO: Mauna Loa Observatory
SPO: South Pole Observatory
FOS: Fossil Fuel Combustion
LUC: Land Use Change (Deforestation)
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World Carbon Emissions

Figure courtesy Walt Tribett After Fig 3.1 Paris Beacon of Hope
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Fossil Fuel Emissions

Population increase & per-capita rise both contribute,
     nearly equally to the global rise in C emissions



Copyright © 2024 University of Maryland. 
This material may not be reproduced or redistributed, in whole or in part, without written permission from Ross Salawitch. 16

World Carbon Emissions
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World Carbon Emissions
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Fossil Fuel Emission Animation

https://www.carbonbrief.org/analysis-which-countries-are-historically-responsible-for-climate-change 

https://www.carbonbrief.org/analysis-which-countries-are-historically-responsible-for-climate-change
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Fossil Fuel Emission Animation

https://www.carbonbrief.org/analysis-which-countries-are-historically-responsible-for-climate-change 

https://www.carbonbrief.org/analysis-which-countries-are-historically-responsible-for-climate-change
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Obama & Xi

20

Nov 2014: Presidents Obama & Xi announced
   U.S. would reduce GHG emissions to 27% below 2005 by 2025
   China would peak GHG emissions by 2030 with best effort to peak early

NDC: Nationally Determined Contributions to reduce GHG emissions
  Submitted prior to Dec 2015 meeting in Paris
  Consist of either unconditional (promise) or conditional (contingent) pledges
  Generally extend from early 2016 to year 2030

Paris Climate Agreement:
      Article 2, Section 1, Part a):
      Objective to hold “increase in GMST to well below 2°C above pre-industrial levels and
      to pursue efforts to limit the temperature increase to 1.5°C above pre-industrial levels”

US / China Announcement ⇒  Paris Climate Agreement
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Global Carbon Cycle

Fig 3.20, Chemistry in ContextCC:
    Land Sink = (61 + 0.5) − (60) Gt C / yr = 1.5 Gt C / yr
    Ocean Sink = 92 – 90 Gt C / yr = 2 Gt C / yr 
    In other words, ∼3.5 Gt C / yr out of 7.5 Gt C / yr from burning fossil fuel & deforestation
            was being absorbed by world’s oceans & terrestrial biosphere.

Nature

Nature 

Nature

Nature

Nature 

Humans

Humans
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Global Carbon Cycle

Fig 3.20, Chemistry in ContextOcean Carbon: 1.0 × 103 Gt + 3.8 × 104 Gt = 3.9 × 104 Gt 
  

Ocean contains ∼50 times more Carbon than the atmosphere,
which is why oceanic processes are “the dog that wags the tail”

of atmospheric CO2 on glacial to interglacial time scales
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Global Carbon Cycle

Fig 3.1, HoughtonHoughton:
    Land Sink   = 2.6 ± 1.2 Gt C / yr
    Ocean Sink = 2.3 ± 0.7 Gt C / yr
    In other words, ∼4.9 Gt C / yr out of 7.8 + 1.1 = 8.9 Gt C / yr from burning fossil fuel & deforestation
            was being absorbed by world’s oceans & terrestrial biosphere for the time period of this figure,
            which is 2000 to 2009
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Global Carbon Cycle

Fig 3.3, Houghton



Copyright © 2024 University of Maryland. 
This material may not be reproduced or redistributed, in whole or in part, without written permission from Ross Salawitch. 25

Inferring CO2 Uptake Based on ∆O2
Figure courtesy
Brian Bennett
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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 could lead to almost 100 ppm additional CO2
                        by end of century

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

Figure 3.5, Houghton 3d Edition
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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
 
 

Page 43, Houghton
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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 empirically in a greenhouse setting because ?
 

Fakhri A. Bazzaz, 1990: https://www.jstor.org/stable/pdf/2097022.pdf  

Many Free-Air Carbon dioxide Enrichment (FACE)  
experiments have been developed, throughout the 
world including a new experiment in Brazil, to attempt 
to understand how the terrestrial biosphere will 
respond to rising levels of atmospheric CO2

http://aspenface.mtu.edu

https://www.nature.com/news/polopoly_fs/1.12855!/menu/main/topColum
ns/topLeftColumn/pdf/496405a.pdf?origin=ppub 

https://www.nature.com/scitable/knowledge/library/effects-of-rising-
atmospheric-concentrations-of-carbon-13254108

https://www.jstor.org/stable/pdf/2097022.pdf
http://aspenface.mtu.edu/
https://www.nature.com/news/polopoly_fs/1.12855!/menu/main/topColumns/topLeftColumn/pdf/496405a.pdf?origin=ppub
https://www.nature.com/news/polopoly_fs/1.12855!/menu/main/topColumns/topLeftColumn/pdf/496405a.pdf?origin=ppub
https://www.nature.com/scitable/knowledge/library/effects-of-rising-atmospheric-concentrations-of-carbon-13254108
https://www.nature.com/scitable/knowledge/library/effects-of-rising-atmospheric-concentrations-of-carbon-13254108
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Future Fossil Fuel Emissions and Reserves

Kharecha and Hansen, GBC, 2008.
     https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2007GB003142

See also https://www.sciencedirect.com/science/article/pii/S2666049022000524#s0135 

https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2007GB003142
https://www.sciencedirect.com/science/article/pii/S2666049022000524#s0135
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Uptake of Atmospheric CO2 by Oceans

Ocean sink: relatively long lived reservoir
      In nearly all models, ocean uptake slows
                        relative to rise in atmospheric CO2

Figure 3.5, older (Third) edition of Houghton
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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


Biology in Today’s Ocean

33

Originally from http://www.whoi.edu/page.do?pid=130796
Similar image at  https://journals.ametsoc.org/view/journals/clim/26/23/jcli-d-12-00566.1.xml 

http://www.whoi.edu/page.do?pid=130796
https://journals.ametsoc.org/view/journals/clim/26/23/jcli-d-12-00566.1.xml
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Sequestration of CO2 from the Atmosphere: Ocean Biology

NAS, 2015
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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 Slides 1 to 3 of Class Notes.

Atmospheric CO2
Pre-Industrial

280 ppm
Present Day

420 ppm
2 × Pre-Industrial

560 ppm

Ocean Carbon 2020 ×10−6 M 2083 ×10−6 M 2122 ×10−6 M

[HCO3
−] 1771 ×10−6 M 1888 ×10−6 M 1958 ×10−6 M

[CO2 (aq)] 9.13 ×10−6 M 13.7 ×10−6 M 18.3 ×10−6 M

[CO3
2−] 239 ×10−6 M 181 ×10−6 M 146 ×10−6 M

pH 8.32 8.17 8.06

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

2−]
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Uptake of Atmospheric CO2 by Oceans

Ocean is slightly basic

When CO2
 dissolves:

Net: CO2(aq) + CO3
2−  + H2O → 2 HCO3

−

Atmospheric CO2
Pre-Industrial

280 ppm
Present Day

420 ppm
2 × Pre-Industrial

560 ppm

Ocean Carbon 2020 ×10−6 M 2083 ×10−6 M 2122 ×10−6 M

[HCO3
−] 1771 ×10−6 M 1888 ×10−6 M 1958 ×10−6 M

[CO2 (aq)] 9.13 ×10−6 M 13.7 ×10−6 M 18.3 ×10−6 M

[CO3
2−] 239 ×10−6 M 181 ×10−6 M 146 ×10−6 M

pH 8.32 8.17 8.06
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Uptake of Atmospheric CO2 by Oceans

Ocean acidity rises as Atmospheric CO2 increases

CC: “A decrease of 0.1 pH unit corresponds to a 26%
          increase in the amount of H+ in seawater”

When CO2
 dissolves:

Net: CO2(aq) + CO3
2−  + H2O → 2 HCO3

−

Atmospheric CO2
Pre-Industrial

280 ppm
Present Day

420 ppm
2 × Pre-Industrial

560 ppm

Ocean Carbon 2020 ×10−6 M 2083 ×10−6 M 2122 ×10−6 M

[HCO3
−] 1771 ×10−6 M 1888 ×10−6 M 1958 ×10−6 M

[CO2 (aq)] 9.13 ×10−6 M 13.7 ×10−6 M 18.3 ×10−6 M

[CO3
2−] 239 ×10−6 M 181 ×10−6 M 146 ×10−6 M

pH 8.32 8.17 8.06
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Uptake of Atmospheric CO2 by Oceans
Oceanic uptake of atmospheric CO2 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
https://www2.atmos.umd.edu/~rjs/class/fall2024/supplemental_readings/doney_sci_am_2006.pdf 

See also https://oceans.mit.edu/wp-content/uploads/doney_ann_rev_proof.pdf 

https://www2.atmos.umd.edu/%7Erjs/class/fall2024/supplemental_readings/doney_sci_am_2006.pdf
https://oceans.mit.edu/wp-content/uploads/doney_ann_rev_proof.pdf
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Atmospheric CO2
Pre-Industrial

280 ppm
Present Day

420 ppm
2 × Pre-Industrial

560 ppm

Ocean Carbon 2020 ×10−6 M 2083 ×10−6 M 2122 ×10−6 M

[HCO3
−] 1771 ×10−6 M 1888 ×10−6 M 1958 ×10−6 M

[CO2 (aq)] 9.13 ×10−6 M 13.7 ×10−6 M 18.3 ×10−6 M

[CO3
2−] 239 ×10−6 M 181 ×10−6 M 146 ×10−6 M

pH 8.32 8.17 8.06

39

Uptake of Atmospheric CO2 by Oceans
When CO2

 dissolves:

Net: CO2(aq) + CO3
2−  + H2O → 2 HCO3

−

Revelle Factor:

Pre-Industrial to Present: Ocean in the carbon rose by about 3%
for a 40% increase in atmospheric CO2
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Atmospheric CO2
Pre-Industrial

280 ppm
Present Day

420 ppm
2 × Pre-Industrial

560 ppm

Ocean Carbon 2020 ×10−6 M 2083 ×10−6 M 2122 ×10−6 M

[HCO3
−] 1771 ×10−6 M 1888 ×10−6 M 1958 ×10−6 M

[CO2 (aq)] 9.13 ×10−6 M 13.7 ×10−6 M 18.3 ×10−6 M

[CO3
2−] 239 ×10−6 M 181 ×10−6 M 146 ×10−6 M

pH 8.32 8.17 8.06
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Uptake of Atmospheric CO2 by Oceans
When CO2

 dissolves:

Net: CO2(aq) + CO3
2−  + H2O → 2 HCO3

−

Revelle Factor:

Present to future we hope to avoid: Ocean carbon would rise by less than 2% 
for about a 30% further increase in atmospheric CO2
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