Atmospheric Carbon: Can We Offset the Increase?                     ANSWER KEY
· Carbon “offsets” are marketed to reduce carbon “footprints”. Tree planting is one such offset; a person or business producing carbon dioxide buys offsets from a company pledging to plant trees that will absorb an equal amount of carbon dioxide. 
· In this worksheet, we’ll investigate if tree planting is an effective offset on a global scale. We’ll also try to account for where the emitted carbon end up.

Chemical concepts you may need to review:
· Relationship between moles and molar mass
· Simple chemical equations (reactants  products)
· Equal volumes of gases contain equal moles of gases at the same pressure and temperature.

Let’s begin by examining data from two sites where scientists monitor carbon dioxide daily.

	Average CO2, 2012 (last year of record)  393 ppmv
Average CO2, 2002  372 ppmv

Increase = 
393-372 ppmv/10 years
= 2.1 ppmv year-1
	· Estimate the average annual CO2 increase in the atmosphere. Base your estimate on the last ten years of data from Mauna Loa.
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	· Now examine data from the South Pole. How do they differ in pattern? How are they similar?

Similarities:
- The rate(s) of increase is the same in both data sets.
- Annual cycles exist in both data sets.

Differences:
- The annual cycle has a much smaller range in the southern hemisphere than in the northern hemisphere. [This is because the northern hemisphere has more land area and the terrestrial seasonality (net photosynthesis in summer; net respiration in winter) is proportionately larger.]
- The annual cycles are offset by six months between the two sites. This reflects the difference in season (boreal/austral).


	Look  carefully to  see that CO2  is always a bit less concentrated in the southern hemisphere, lagging behind by about a year. This implies that air masses mix  quickly between hemispheres.
 
· What could account for the higher initial concentrations in the northern hemisphere?

CO2  is initially higher in the northern hemisphere because that is where much of the  excess/anthropogenic CO2  emissions occur. Within approximately one year, emissions from the northern hemisphere mix into the southern hemisphere. 


The lowest layer of the Earth’s atmosphere, the troposphere, contains most of the atmosphere’s CO2. Now we will combine our estimate of annual concentration change (above) with some basic geometry to find the total carbon dioxide released annually to the troposphere. Because the troposphere is so well mixed, ours will be a good approximation to the real world.

· The troposphere ranges in thickness from about 16 km at the equator to about 10 km at the poles. Sketch this. The Earth’s mean radius is 6371 km. 
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Note: some students may see that the average thickness of the troposphere, needed below, is closer to 16 than to 10 km. This key uses 14 km as an rough, weighted average for global tropospheric thickness. 
Sketching helps students to see the simple geometry that’s involved below.



· Estimate the volume of the troposphere, in cubic meters (1 km = 1000 m). Hint: what formula do you need?
Volumesphere  = 4/3  r3   4.189 r3
Volume troposphere = VolumeEarth+Troposphere  - VolumeEarth
REarth = 6731 km * 1000 m/km = 6.731 e6 m
REarth + Troposphere  (6731 + 14) km * 1000 m/km = 6.745 e6 m
VolumeEarth+Troposphere     4.189 * (6.745 e6)3 m3 = 1.286 e21
VolumeEarth = 4.189 * (6.731 e6)3 m3 = 1.277 e21 m3
VolumeTroposphere = (1.286-1.277)e21 m3 = 8.5 e18m3

Convert the volume to liters.  1000 L = 1 m3
8.5 e18 m3 * 1000 L/m3 = 8.5 e21 L


· Using the volume of the troposphere (in liters) and your estimate from page one, express the annual increase in atmospheric CO2 as liters of CO2.  
Hint: ppmv stands for part per million by volume, and can be written as a ratio.
2.1 ppmv CO2/year  = 2.1 L of CO2/106 L of air per year 
2.1 L of CO2/106 L of air per year * 8.5 e21 L of air in the troposphere = 1.8 e16 L CO2/year

· The troposphere contains 1.8 x 1020 moles of air. Knowing that equal volumes of gases contain equal moles of gases, express the annual increase (above) as moles of CO2.



Solve for x; x = 3.8 e14 moles CO2
·  How many moles of carbon is this?  

One mole of carbon dioxide molecules contains one mole of carbon (and two moles of atomic oxygen).  The answer is 3.8 e14 moles of carbon.

· How many grams of carbon is this?  Recall that the molar mass of carbon equals 12 grams.

3.8 e14 moles C  * 12 g C/1mole C = 4.6 e15 grams of carbon

 We can now think about ways to offset the annual increase in atmospheric carbon. A possible carbon offset is returning cleared land, such as exists in eastern North America, to forest.  

· Write a balanced chemical equation to indicate how trees utilize atmospheric carbon via photosynthesis. We can approximate the chemical composition of plants with glucose, C6H12O6.
6CO2  +  6H2O   C6H12O6  +  6O2
Writing the equation helps students recall how atmospheric carbon is utilized by trees.
Typical mid-latitude forests “sequester” roughly three metric tons of carbon per acre per year. They do this by removing carbon from the air and incorporating it into their tissues.

· How many acres of new forest lands would completely remove the annual increase in atmospheric carbon? 1 metric ton = 1000 kg; 1 kg = 1000 g.
First, convert the annual emissions of carbon: 
4.6 e15 g C/year * 1 kg/1000g * 1 ton/1000 kg = 4.6 e9 ton C/year

Then:  4.6 e9 ton C/year  3 ton C/acre = 1.5 e9 acres/year

Compare the acreage you just found to that of Maine, a partially deforested New England state. Area of Maine = 2.0 x 107 acres.
1.5 e9 acres  2.0 x 107 acres = 76    an area 76 times larger than the state of Maine would need reforesting each year.  (Maine is ~1% of the area of the entire US  the answer implies that an area roughly three quarters of the U.S. would need to be reforested each year!)

Let’s examine offsets on a more personal scale…  
Each person in the United States produces, on average, about 18 metric tons of carbon per year, through driving, electricity usage, commerce, and other activities. Replanting former rainforest is about twice as effective a carbon offset as replanting temperate forest. 
· Estimate the acreage of replanted rainforest necessary to offset the annual carbon emissions of a person in the United States.
18 metric ton C/year  6 metric ton C/acre = 3 acres  The acreage associated with a tropical offset seems possible on a personal scale.

· In your opinion, are future reforestation efforts likely to prevent atmospheric carbon concentrations from increasing?  Why or why not?
- Reforestation as the only offset is not possible on a global scale; not enough suitable acreage exists to reforest.
- Reforestation on a smaller, personal scale might be an option. 
Finally, let’s compare the annual increase in atmospheric carbon to known emissions. 

 Humans now annually emit roughly 10 metric gigatons of carbon, in the form of CO2, to the atmosphere. Such “anthropogenic” emissions include carbon from fossil fuel and natural gas combustion and cement production (CaCO3(s) CaO(s) + CO2(g)). Estimates of anthropogenic carbon emissions are highly accurate, since they stem from well-recorded activities.

· Anthropogenic emissions of carbon to the atmosphere averaged 8.6 gigatons annually during 2003-2012.  Compare the amount emitted to the annual increase in CO2 in the troposphere.  giga = 109

[8.6 Gt /year * 109 ton/Gt]  4.6 e9 ton C/year = 1.9 X larger

OR

4.6 e9 ton C/year  [8.6 Gt /year * 109 ton/Gt] = 0.53  
The annual atmospheric increase in CO2 only accounts for 53% of the emitted carbon.

· What could the result indicate?
[bookmark: _GoBack]Since we can’t account for all of the carbon emissions in the atmosphere, they must have gone somewhere else. [In the last ten years, most of this amount appears to have gone into the oceans. Lesser amounts have most likely gone into the terrestrial biosphere. 53% is remarkably close (especially given our approximations) to the 56% given in the 2007 IPCC report for the 2000-2005 period (http://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch7s7-3-1-3.html). ] 
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