Introduction
In this lab exercise, you will examine changes in the concentration of CO2 in the atmosphere over the last several hundred years and use a simple model of the reactions that produce and consume CO2 to evaluate the main processes responsible for changes in CO2 in the recent past – a type of modeling known as inverse modeling.  Then, you will use the model to make some predictions of what will happen to atmospheric CO2 in the next several centuries by specifying the amounts and rates of certain processes like fossil fuel burning – known as forward modeling.  All of these calculations can be done in standard familiar tool – an Excel workbook. 
Files you are given: C-cycle-model.xls -  which contains the following sheets:
Ice core CO2- measurements of the amount of CO2 in the atmosphere from 1750 to 1950, as sampled in bubbles from ice cores from Antarctica
Mauna Loa CO2 – monthly measurements of the amount of CO2 in the atmosphere made by collecting air samples monthly at a location far from local CO2 sources, at the peak of a mountain in Hawaii.  This location gives a good average of northern hemisphere CO2 levels and is not influenced by the Hawaiian volcanoes. 
Fossil fuel emissions – estimates of the amount of CO2 produced by fossil fuel use taken from data of sales, trading and port records of commerce in fossil fuels. 
Model – an Excel sheet which can be used for both inverse and forward models.
Parameters – an explanation of how the amounts of carbon in the different model modules are derived
Figures – a blank sheet for you to place the final graphs that you produce.  
Part I: Make a hypothesis for Changing Atmospheric CO2
***Task 1: Use the data in the sheets Ice core CO2 to make a graph of atmospheric CO2 concentrations from 1750 to 1900.  
***Task 2: Write here a hypothesis for why you think atmospheric CO2 concentrations rose over this period.  
Part II:  Building a model for the carbon cycle  

A. A short introduction to tracking fluxes

You are probably familiar with keeping an accounting of the flow of money into and out of your bank account.  If you kept track of  your totals by month it might look like this

	Month
	Wages/gifts
	Expenses
	Balance
	Notes

	Starting balance
	
	
	$2000
	

	Jan
	$600
	$300
	$2300
	New year resolution to save more!

	Feb
	$650
	$400
	$2550
	Birthday check from mom!

	Mar
	$600
	$1000
	$2150
	Splurge spring break

	April
	$600
	$600
	$2150
	Finally “steady state” spend=earn

	May
	$600
	$600
	$2150
	


B.   A model for inputs and outputs of C to the atmosphere and ocean
We can set up a similar model in Excel but instead of each month we choose to track each year in a successive row.  And instead of tracking what comes into and out of just one box (our bank account), we track what goes into and out of several accounts or boxes, like what goes into and out of the atmosphere, the biosphere, and the surface and deep ocean.   

The model we make looks like this (with the initial amounts of C as Gt/yr): 

[image: image1]
Of course, this model is not an exact representation of the Earth system, but a representation of a simple system that has much in common with the real earth. It will serve for you to become familiar with the development of a simple model, experience the behavior of the carbon cycle on short timescales, and infer some of the most relevant aspects of fossil fuel use at different emission rates.  It includes feedback processes, which are in some cases parameterizations derived from the results of more complex models (General circulation models of the atmosphere and ocean).  
The model is designed to calculate atmospheric CO2 in equilibrium with the surface ocean (gas disolution and acid-base reactions), and the physical mixing of the surface ocean and deep ocean and average mixing times.  This is done with a “parameterization”, not using the exact physics of these processes but instead an empirical relationship calibrated with output from more complex models.  For example the calculation of carbonate ion is simplified rather than calculated in exact equilibrium. 
C. To see how the model was built, together we will add in the terrestrial biosphere and for now assume that it remains in steady state in the model.  

***Task 3.   The Excel model is provided to you without a carbon cycle in the biosphere.  Fill in the 3 corresponding columns so that we can track the amount of carbon in the biosphere and its change by altering discretely either the rate of photosynthesis  or of respiration.  For the first timestep you can use the data from the model scheme above to assign a value for the initial amount in the biosphere (2110 in cell D10) and subsequent photosynthesis (60 in column B) and respiration (60 in column C).  For the subsequent rows of column D, you need to make a formula to calculate the amount in the biosphere  (=biosphere at previous timestep plus carbon added through photosynthesis minus carbon removed through respiration).  If you type the formula in correctly in the first row, you can simply copy it down all other rows. 

In case we later decide to make each row advance by more than one year at a time, there is a cell that lets us specify the rate at which time advance (called the “timestep”, in G4).  But because fluxes are given in amounts per year, if you have each row represent two years, it needs to calculate the addition (or subtraction) of two years worth of photosynthesis or respiration.  To account for this, in the formula for the biosphere in D11, you need to multiply both photosynthesis and respiration by the  “timestep” G$4 value in the calculation so your formula in cell D11  looks like:

=D10+B11*G$4-C11*G$4  
When the timestep is 1 nothing changes, but this keeps us correct when we later will increase the timestep to 2 years. 

Finally you need to add the respiration and photosynthesis terms to the equation that calculates the amount of carbon in the atmosphere (column T) , again remembering to include multiplication by the timestep G$4.   Write here the formula that you will use:
Part III.  Using the model to study the recent carbon cycle

***Task 4.  Now you can test the hypothesis you made in Part I, by making a simulation of the carbon cycle covering the time interval from 1751-2000 AD,  using the actual emissions data from that time period.  
Start by locating the tab with data on emissions, and copy the column containing the GtC/yr into the column S of the Model sheet.  Now the model will calculate how the amount of carbon in the atmosphere (column T) would have changed in response to these emissions and as the amount of carbon in the atmosphere changes, how the change in its concentration (relative to other gases) also changes (column U).  
Add this modeled atmospheric CO2 concentration vs time to the graph of actual CO2 (1750-1900 AD) that you made in Task 1.  Then make a copy of the graph and in the copy, add the data of atmospheric CO2 measured since 1950 at Mauna Loa and the modeled atmospheric CO2 concentration up to 2006.  
***In each graph, describe how well the model CO2 curve reproduces the actual CO2 changes.  If there are deviations (model gives CO2 that is higher than or lower than the observed one), indicate when they occur. (Save these graphs ).  Note your observations here:
**Task 5.  Include variation in the carbon uptake and release from the land biosphere in order to improve the fit between data and model.  Make a copy of the model sheet from Task 4 and in the copy, also copy your graphs into this new worksheet, and change the source of the data so it shows the model curve from your new worksheet.  Now, go to the columns for photosynthesis and respiration and see if you can make modifications which will help improve the fit between the model and the data.  
How sensitive is atmospheric CO2 to a change in photosynthesis or respiration in a single year?  How sensitive is it to changes over multiple years?

Modify photosynthesis and respiration until you feel you have significantly improved the fit between the model and the data.   Then, in addition to your new graphs that show the “improved” fit, make one or two graphs which show the inferred changes in the  biosphere over the time 1751-2000.  
Do you know if  this inferred change in the biosphere coincides with any real historical process (ie is it reasonable?)?  

Part IV - Application of the model to evaluate future scenarios 
***Task 6.  Make a new copy of the model from Task 4 (ie without alteration in the terrestrial biosphere), and set the first year (A11) to the current year.  Replace all the emissions value in column S with zero. Make another two copies of this model sheet.  Now you will complete three simulations in order to compare the effect of adding 1500 Gt C from fossil fuels.   In one case, add it in 12 years, in another in 60 years, and in another, add it in 600 years (note you can adjust the timestep to 2 for this last case so that it can be done in 300 rows).  
To complete the calculation, you need to calculate the emission rate per year for each simulation in order to put the correct values in column S (and put them for the correct duration).

a)1500 Gt C in 12 years =  __________GtC/yr 
b)1500 Gt C in 60 years =  __________GtC/yr

c)1500 Gt C in 600 years =  __________GtC/yr

Note that column V tallies the total GtC added from fossil fuel and you should double check that this does not exceed the total of 1500 GtC. 
Summarize the results in the following table:
	Time period over which the C is added
	Maximum ppm CO2 in the atmosphere attained

	
	

	
	

	
	


What is the role of the ocean carbonate ion in absorbing fossil fuel CO2 and how does it contribute to the difference in atmospheric CO2 as a function of the rate of addition?  
In general in this model, as emissions acumulate, what happens to the concentration of carbonate ion in the ocean?  What would be the consequences for calcifying planktonic organisms?   What would be the consequence for carbonate sediments in the deep ocean?
Atmosphere


 560 Gt (preind); 760 Gt (2000)





Biosphere


C=2110 Gt





Surface Ocean


C=624 Gt; (CO3-2 6 GtC)





Deep Ocean 


C=37000 Gt


(as CO3-2 1500 GtC)





 Fossil Fuel


C=4000 Gt
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