Biol 1050/5 Global Carbon Cycle


Modeling the Global CO2 Cycle                       Name: 
        ______________________________________
I. Learning Objectives

Students will:

· explore examples of unanswered questions in environmental biology.

· integrate mathematical thinking into analysis and interpretation of data.

· handle, manipulate and produce data, using tools of the discipline.

· Create a simple model of atmospheric CO2 that can be used to make predictions

· conduct computer simulations as a method of hypothesis testing
· use mathematical models to describe or predict responses and behaviors in environmental systems.

· analyze, interpret, and draw conclusions from data.
· confront interpretation of mistakes and unexpected results.
II.  Preparing for this lab

To prepare for this lab, complete the following assignments:

1.  Read the prereading assignment before coming to lab:  



Le Quere, C., et al., 2009. Trends in the sources and sinks of carbon dioxide.  Nature 



Geoscience, Vol 2, 831-836.
2.  Read this entire laboratory handout before coming to lab so you will have an idea of what is expected of you.  Ask the instructor for any clarification.  
III. Background Information
What is a model?

A model is a simplified representation of a system that allows a person to investigate various properties of that system.  Models help people to:

· define and describe systems,

· understand systems and relationships,

· understand data,

· define and represent problems, and 

· predict or simulate processes within systems

Models can be simple and basic.  Human height, for example, can be modeled based on human age.  For example, up to a certain age, the older the person, the taller the person. Other models can be more complex and challenging to develop and interpret.

For this lab, you will be looking at, and modifying, a simple model that examines the relationship between the amount of carbon dioxide (CO2) in our atmosphere with the various systems and processes that either add (as sources) CO2 to this amount, or, remove (sinks) CO2 from this amount.

The Carbon Cycle

The majority of the Earth's atmosphere is composed of a mixture of three gases - namely, nitrogen, oxygen, and argon.  Combined, these three gases comprise more than 99.5% of all the gas molecules in the atmosphere. These gases, the most abundant in the atmosphere, exhibit almost no effect on warming the earth since they do not absorb visible or infrared radiation.
There are, however, minor gases that are present in the atmosphere in trace amounts.  These gases are referred to as "trace gases". Trace gases absorb infrared radiation and contribute substantially to warming of the Earth's surface and atmosphere due to their abilities to absorb the infrared radiation emitted by the Earth. 
Since these trace gases influence the Earth in a manner somewhat similar to a greenhouse, they are referred to as GreenHouse Gases (GHGs).  Of all of the GHGs, CO2 is of particular interest because of its strong influence as a GHG and subsequent effects on climate.  The higher the levels of atmospheric CO2 (herein referred to as simply "CO2"), the greater the influence of this gas on global climate processes.
How are the levels of atmospheric CO2 influenced over time?   A portion of CO2 is sequestered (removed) from the atmosphere through photosynthesis by plants and absorption by the oceans.  Plants are also a source of CO2 to the atmosphere, along with animals and other living aerobic organisms when CO2 is released during respiration.  Some CO2 is added to the atmosphere from human activities like deforestation, agriculture, and fossil fuel emissions. 

At time scales of most interest to humans (years - decades - centuries) there are three main influences on atmospheric CO2: the terrestrial biosphere, the oceans, and emissions from fossil fuels.  The terrestrial biosphere and the oceans can both remove CO2 out of the atmosphere and emit CO2 to the atmosphere.  Terrestrial biosphere and the ocean living organisms take up and release CO2 though the processes of photosynthesis and respiration.  In addition, ocean waters are constantly absorbing, or taking up CO2 (through photosynthesis by marine organisms) and releasing large quantities of CO2 (through dissolution-the CO2 gas dissolving out of the water).  However emissions from fossil fuels only add (emit) CO2 to the atmosphere.  The amount of contributions from each pool, and the amount of carbon absorbed out of the atmosphere varies with each source (Figure 1).
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Figure 1.  Relative amounts of CO2 stored in pools (numbers in black in gigatons of carbon) and being cycled (fluctuations of CO2 in gigatons of carbon per year) on a global scale (Image source:  http://www.global-greenhouse-warming.com/global-carbon-cycle.html).
In this lab, you will create a model in which you will incorporate empirically measured (that means someone physically made the measurements) CO2 concentrations, the quantity of CO2 being emitted (added) into the atmosphere, and the quantity that is being removed by vegetation and the oceans.  You will then use this model to make predictions for future atmospheric CO2 under various scenarios.  
Materials 

Students can work in pairs around a computer (or can work together on own computers as an outside assignment). 
Excel file CO2DataFile.xls.
IV.  Check Yourself

1) In your own words, define what a 'model' is and how a model can be useful for understanding a system of interest.

2) Name the three main influences that add or reduce atmospheric CO2.
V.  Global Carbon Cycle Lab
Part A
We are first going to see what happens to the level of carbon dioxide in the atmosphere if we assume that nothing ever pulls CO2 out of the atmosphere.

You will using CO2 values that were measured each year by the U.S. National Oceanic and Atmospheric Administration Earth System Laboratory group (http://www.esrl.noaa.gov/) at the Mauna Loa Observatory starting in 1958 (Tans and Thoning, 2008).   

Procedures 

1. 
Open the Excel file named “CO2DataFile.xls.”  Review each column of information to understand what component of the global CO2 budget each column represents.  

Note that the starting year is 1958.   This is the first year that CO2 was measured at the Mauna Loa Hawaiian Observatory.  

Note:  You might find that many reports of atmospheric carbon dioxide report CO2 values in parts per million (ppm).   For example the current concentration of CO2 is 394 ppm.  This means there is a volume of 394 cubic centimeters (cc) of CO2 for every million cc’s of atmosphere.  In this exercise CO2 is represented as billions of tons total carbon (not carbon dioxide) in the atmosphere.  This conversion can be done by multiplying the value in ppm times 2.13 gigatons of carbon/ppm (ORNL/CDIAC, 1990). 

2. (a) 
Starting with the year 1958, copy over the initial empirical measure of atmospheric CO2 (672.05 billion tons of carbon) into the 'C' column for 1958.  

You will use the 1958 level of atmospheric CO2 to help calculate the atmospheric CO2 level for 1959.

Next move down to the 1959 row, and in the ‘C’ column (C5), add together the values for the [1958 atmospheric CO2 value] (C4), plus the [1959 Fossil fuel Emissions] (D5) and [1959 Land use Emissions] (E5). 
Enter the formula like this  (make sure to add the "=" sign): 

    =C4+D5+E5
You are calculating the 1959 atmospheric CO2 level based on the assumption that there are two sources of CO2 that are adding that CO2 to the 1958 amount of CO2.  You are also assuming that nothing is pulling CO2 out of the atmosphere.

So, right now, the two assumptions are:


1. There are two activities (sources) that are adding CO2 to global atmospheric CO2, and,


2. There are not any activities that are pulling CO2 out of the atmosphere.
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2. (b) 
Copy that formula all the way down that column to the year 2008.  

You can copy this in one of two ways:

1) press Ctrl + C keys (PC) or Cmd + C keys (Mac) to copy the formula.  Then click on the cell below the formula (C*), hold down the mouse button and drag down to highlight all the cells down to the last year (row 54).  Once all of the cells are highlighted, release the mouse click and press <enter>, then the "esc" key.  The formula will have been copied all the way down to the year 2008.

2) click on the cell with the formula that you just entered.  Rest the mouse pointer on the lower right hand corner of the cell where you see a little box.  Click on the box and while you're holding the mouse button down, move the cursor down that column until the last year (row 54).  Release the mouse button on the row of the last year.  The formula will have been copied all the way down to the year 2008.

Once completed, you will have both -  1) Empirically-measured CO2 values (from Mauna Loa), and 













  2) Calculated CO2 values.

For 2008, you should have a 2008 calculated CO2 level of 1012.77 billion tons of carbon.  Compare this to the 2008 measured value which is 822.80 billion tons of carbon.  

Discrepancies between the calculated and the measured values are due to sinks - biophysical processes that remove CO2 out of the atmosphere.  If no CO2 was being removed from the atmosphere, then CO2 would merely continue accumulating based on the amount of CO2 inputs into the atmosphere.  However, we are able to see with these calculations, that some CO2 is being removed from the atmosphere.
2. (c)
Now graph the measured and the calculated CO2 values.  
With ‘Year’ in Column A, the ‘Measured’ values in Column B, and the ‘Calculated’ values in Column C, highlight all three columns, choose "Insert" from the top menu options, choose "Chart", then  graph them as a "Smoothed Line X Y Scatter graph".  
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You should get something that looks like this:
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Make the graph easier to read by adding axis labels.  With the graph selected, click on the "Toolbox" icon (can be seen in the above Excel window example).  Under "Chart Options", click on the box that says "Chart Title."  You can give this graph a title if you'd wish.  Then click on the box that says "Chart Title" and choose the "Horizontal (Category) Axis Title" option and type in a title - something like "Year" is sufficient.  Do the same for the Y axis using a title with appropriate units.

Note that different versions of Excel might have slight variations on how to accomplish the assignment of axis titles.  Ask someone for help if your version is different and you're not sure how to get this done.

You should now have a graph that looks something like this:
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Examination of this graph gives you a visual measure of the differences between the measured versus calculated values.  Notice how the difference between the two sets of values (one measured, one calculated) gets larger and larger as time goes on!
IMPORTANT:  Before you go any further, if you haven't done so in the last few minutes, save your worksheet so don't lose any of your work!  It's a good idea to do this periodically so you don't lose any of your work for any reason (computer failure, electricity goes out, software crashes, etc.).

Later in this lab, we’ll examine how to reduce the calculated CO2 values by adding components that remove carbon dioxide from the atmosphere (the sinks).  After we add sinks, as you graph the differences, you’ll see that by representing more components of the carbon cycle, you’re able to get your calculations closer to the actual measured concentrations.  
When you doing this type of work, you are then "modeling" how this system works.  You are using data and math to represent the behavior of the system.  This is a simplistic representation, but useful for understanding how the system behaves.

When you feel that you have a good ‘model’ to more accurately calculate and represent atmospheric CO2 levels, you will be able to use your model to examine the affects of modifying the sizes of sources and sinks.  Continuing the mathematical formulas into future years, you'll also be able to simulate what might happen in future years.
Questions and Discussion for Part A

Work with your lab group to come up with a list of what you think might be the causes for the differences in the measured versus the calculated values.   Write your answers in the space below:
Part B

For this part of the lab, you will examine and evaluate the percentage of CO2 emitted by human activities that is removed by vegetation and the oceans.  How much CO2 do you think is taken up by global vegetation?  How about the oceans?    Estimates vary but at this point, you can test published estimates or come up with your own estimates.


Right now global vegetation takes up (through photosynthesis) a net of approximately 20% of the CO2 that is emitted through human activity.  Oceans absorb approximately 40% of that (remember that 70% of Earth’s surface is water – mostly oceans).  
1.  At the bottom of the Excel spreadsheet, click on the worksheet that says "Part B."  Examine the columns in this spreadsheet.  You will see that there is a new column labeled "Calculated atmosphericCO2 (minus Veg & Ocean uptake)."  This column will hold the new calculations that incorporate absorption of CO2  by the oceans and vegetation (out of the atmosphere) into the calculation of total CO2.

The emissions from fossil fuels and land use activities are added together and stored in column H as "Total Annual CO2 Emissions."  Columns J and K hold the percentages of emissions that are absorbed into the ocean and vegetation, respectively.  There is a reason that these values are listed for every year.  We will discuss that later.

 
From these columns, the new formula to calculate total amount of CO2, minus absorption by oceans and vegetation, for 1959 (C5) is: 

Total atmospheric CO2 [1959] (C5) = Atmospheric CO2 [1958] + all CO2 emissions [1959] – CO2 absorbed by veg & ocean [1959]

Or:

Total CO2 for 1959 (C5)
=  CO2 for 1958 (C4) + Total Annual CO2 Emissions (H5) - 
[%absorbed by oceans (J5) * (Total Annual CO2 Emissions (H5))] – 

[%absorbed by vegetation (K5)  * (Total Annual CO2 Emissions (H5))]
Starting with 1959, modify the “Calculated minus Absorptions” column, in row C7 with this updated formula:   C5 = C4 +  H5 - (J5*H5) - (K5*H5)
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Now you have a new calculated value of annual CO2 values that take into account the CO2 emitted from land-use activities and fossil fuel usage, and, CO2 that is absorbed by oceans and vegetation.  Copy that formula all the way down to the year 2008.
2.   Again, graph the Empirical Measures of CO2 versus your calculated values (graph as an X Y Scattergraph).  With ‘Year’ in Column A, the ‘Measured’ values in Column B, and the ‘Calculated’ values in Column C, highlight all three columns and graph them as an X Y Scattergraph.  You should get something that looks like this:
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Notice that your new calculated atmospheric CO2 values are closer in value to the actual measured values.  

You can make the graph easier to understand by changing the Y axis values to start at a higher value than zero.  To do this, click on a number in the Y axis.  When the Y axis numbers are enclosed in a box, right click and select "Format Axis."  Click on the option "Scale" on the left side of the box, for the "Minimum" value, enter the number 600 (you can choose to have a different minimum if you prefer).  The graph should then look something like this:
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3. Now, go into the percent (%) columns and adjust various values as you feel you need to in order to find the values that will make the "calculated" curve look similar to the curve produced from the measured data.  In other words, try modifying your '% absorption' values to produce a curve from the "calculated" values that is similar to the curve produced from the "measured" atmospheric CO2 values.

You might want to try modifying different years with different absorption values.  

Questions and Discussion for Part 2

What did you adjust to help you get the lines to be more of the same?  

Part C

Using your spreadsheet values, you can simulate or model, total CO2, to produce different scenarios until the year 2100 (or even later).

Think about what scenarios you will be modeling:  

· Pessimistic scenario where there is a fast increase in fossil fuel emissions and an increase in land-use emissions, for example - the clearcutting of forests for grazing of cattle.  Natural sources of increased atmospheric CO2 contributions might be something like a volcano eruption.
· Intermediate scenario where everything stays about the same, or,

· Optimistic scenario where fossil fuel emissions are lowered and land-use activities emit less CO2 in the atmosphere.

There are a variety of combinations you can try, where you can do things like change fossil fuel emissions, but leave land-use emissions and absorption percentages constant, or, reduce emissions but also reduce absorption capabilities of vegetation and ocean.  You can try a variety of scenarios to see how they might affect atmospheric CO2 levels.

1. Decide which two types of scenarios you would like to create: Pessimistic? Optimistic? Intermediate?   For ideas on how you might develop your scenario, look at the Table on page 15 that lists processes that add and remove CO2 to/from the atmosphere.
2. Add more 'Years' to column A to extend the 'Years' to year 2100.  Highlight the last two cells in column A, place your pointer on the blue (or black) square on the bottom right-hand side of the cell, left click on your mouse and drag down to row 146. Excel will automatically calculate the difference between the values in the last two cells (here it is one year) and will use that difference to continue the increase of those values for that column.
3. Now you need to extend your column F (fossil fuel emissions) according to type of scenario. 

For example, if you are just going to change fossil fuel emissions: 

Pessimistic: to simulate the same increase in Fossil Fuel Emissions (column F) for the new years, highlight the last two cells in column F, place your pointer on the blue (or black) square on the bottom right-hand side of the cell, left click on your mouse and drag down to the year 2100. Excel will automatically calculate the difference between the values in the last two cells and will use that difference to continue the increase of those values for that column.  You can also click on each cell and modify data cell by cell.  Just remember that the "scenario" should be based on realistic activities as much as possible. 
Intermediate: highlight (for example) the last twenty cells in column F, and proceed as stated in the 'Pessimistic' paragraph.  The values increasing until 2100 will not be so high because in the previous 20 years, the difference in values from year to year was not so high as in the last two or three years. 

Optimistic: add your own values for two or more cells with a lower difference between them than in the previous cells. For example, you can add values for years 2009 through 2014 that show a smaller difference between cells.  Then follow instructions above to copy down to 2100.

Then fill in the remainder of the columns down to the year 2100 (except the empirical measurements column as we don’t have measurement data from the future).  For example for the Land Use Emissions column (column G), you could enter in the last data point (1.2) through the year 2100 or adjust as you see fit).   Feel free to be creative.  Think about what could happen in the future (a massive re-forestation effort –or other such ideas).  Try to incorporate that into the model.  
Run your model and create a graph of atmospheric CO2 over time using at least two scenarios, describe what you did for each scenario and include the graphs pasted below.

Spend 2 minutes:  Write down what you thought about this activity (don’t worry about grammar, spelling etc.).  Was it helpful in understanding how models are created and work?  Was it enjoyable?  What did you learn?  What could make the activity better?

Appendix 1

Natural and anthropogenic activities that either add CO2 to the atmosphere or remove CO2 out of the atmosphere
Adds CO2 to the atmosphere

Natural Processes

· Volcano Emissions

· Respiration from animals, plants and microbes - both terrestrial and aquatic

· Natural decay of plant materials (trees and other plants)

· Fires (forest fires, grass fires)

Anthropogenic Processes

· Burning of fossil fuels (coal, petroleum, etc. - industrial, residential, lawnmowers, cars, etc.)

· Land clearing - releases lots of stored carbon as CO2 (deforestation, increased soil microbial respiration, etc.)

· Cement production and other industrial processes

· Fires (land clearing, oil burnoff, etc.) 
Removes or helps to keep CO2 out of the atmosphere

Natural Processes

· Plant photosynthesis - both terrestrial and aquatic

· Oceanic CO2absorption via physicochemical and biological processes
Anthropogenic Processes

· Restoration of natural green areas (prairies, shorelands, forests, etc.)

· Use of low or no-carbon technology including wind or solar power, hydroelectric or geothermal technologies.

· Some farming methods significantly enhance carbon sequestration in soil including no-till farming, residue mulching, cover cropping, and crop rotation.

Data Sources:

This laboratory was modified and adapted from a laboratory exercise of the same idea from the European Carboschools website:  http://www.carboeurope.org/education/experiments.php.  The author of that laboratory exercise is Marc Jamous.  From his handouts, the data sources are:

· Atmospheric CO2. The data is provided by the US National Oceanic and Atmospheric Administration Earth System Research Laboratory. Accumulation of atmospheric CO2 is the most accurately measured quantity in the global carbon budget with an uncertainty of about 1% or about 0.04 PgC of the 4PgC per year accumulated on average since 2000.
http://www.esrl.noaa.gov/gmd/ccgg/trends/
· Emissions from CO2 fossil fuel. CO2 emissions from fossil fuel and other industrial processes were calculated by the Carbon Dioxide Information Analysis Center of the US Oak Ridge National Laboratory. For the period 1958 to 2006 the calculations were based on United Nations Energy Statistics and cement data from the US Geological Survey, and for the years 2007 and 2008 the calculations were based on BP energy data. Uncertainty of the global fossil fuel CO2 emissions estimate is about ±6% (currently ±0.5 PgC). Uncertainty of emissions from individual countries can be several-fold bigger.

· Emissions from land use change. CO2 emissions from land use change were calculated by using a book-keeping method with the revised data on land use change from the Food and agriculture Organization of the United Nationals Global Forest Resource Assessment. Emissions after 2005 were extrapolated from the previous 25-year trend of 1.5 PgC per year.. We used fire emissions from the Global Fire Emissions Database vs.2 over tropical forests to provide inter-annual variability on emissions over the last three years. Uncertainty of the global estimate of land use emissions is large and considered to be ±0.7 PgC in this analysis. Emission uncertainties at the country level can be large.

· Ocean CO2 sink. The global ocean sink was estimated using an ensemble of four ocean general circulation models coupled to ocean biogeochemistry models. The models were normalized to the observed mean land and ocean sinks for 1990-2000, estimated from a range of oceanic and atmospheric observations. Models were forced with meteorological data from the US national Centers for Environmental Prediction and atmospheric CO2 concentration.  Recent trends in regional CO2 sinks in the Southern Ocean, North Atlantic, and Pacific oceans were detected directly from repeated observations.
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