Activity:  Determining the Fate of CO2 Released from Fossil Fuel Combustion
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Introduction

The following exercises use the box model of the earth’s carbon cycle developed under the accompanying “Background and Model Formulation” portion of the Determining the Fate of CO2 Released from Fossil Fuel Combustion activity.  

Modeling Exercises

Part I.  Pre-industrial Steady-State

1. Prescribe the reservoir masses and carbon exchange rates for pre-industrial times based on the information presented in Fig. 1 of Background section. We will assume the earth’s carbon cycle is at steady-state. Therefore, make the input and output fluxes equal for each reservoir, e.g., 60 Pgm C yr-1 into and out of the biosphere.

2. Calculate the exchange rate constants (k’s), once the carbon flux (gms C yr-1) and reservoir mass (gms C) has been assigned.

3. Run the model for 250 years and calculate annually the size of each of the four reservoirs.  If the model is set up correctly, despite large carbon fluxes into and out from each reservoir, there should be no net change in the size of each reservoir.  As a check, use a column to add up the total carbon in all four reservoirs.  This total carbon should be constant over time since we are neither adding nor subtracting carbon.

Part II.  Anthropogenic Perturbation

1. Add a column that represents the annual CO2 produced from fossil fuel combustion (Sff in eq. 1 of Background section).  This information is found at http://cdiac.esd.ornl.gov/authors/marland.html.  Click on the NDP-030 link. You want the global emissions file and the units are in millions of metric tons (equivalent to 1012 gms C……versus Pgm C we are using in the model). 

2. Use the same initial reservoir sizes and k values calculated for the steady-state condition in Part I.  Add the amount of CO2 produced from FF combustion for each year to the dM/dt calculation (see eq. 1 of Background section). Calculate the carbon mass in each reservoir from 1750 to 2000.  Make a separate plot of Carbon mass (expressed as Pgm C) versus year (from 1750 to 2000) for each reservoir.

3. Plot the time trend in atmospheric CO2 in ppm versus year.  Assume an atmospheric carbon mass of 590 Pgm C equals a CO2 concentration of 280 ppm. 

Part III. Model Modifications

To make the model more realistic, we need to account for the effect that the ocean’s chemistry has on its ability to adsorb CO2.  The dissolution of CO2 in seawater decreases its pH, which in turn, increases the CO2 gas concentration of seawater.  This chemical reaction slows the rate at which the ocean can adsorb CO2 and should be accounted for in the model.  In the previous version of the model we calculated the CO2 n flux from the ocean to atmosphere as koa*Mso, where koa and Mso represented the air-sea CO2 exchange rate and mass of carbon in the surface ocean, respectively.  We need to change this CO2 exchange rate representation as follows:  (koa*Mso)t = (koa*Mso)o * (1 + (Msot - Msoo)/Msoo*10).  In words this means that the ocean to atmosphere CO2 flux at any time (koa*Mso)t equals the initial ocean to atmosphere CO2 flux (koa*Mso)o plus an incremental amount that equals the fractional change in the mass of carbon in the surface ocean times 10, i.e., [1 + (Msot - Msoo)/Msoo*10].  Use this modified representation of the sea to air CO2 flux for calculating the time rate of change in the surface ocean carbon (dMso/dt) and atmospheric carbon (dMa/dt).  

We will make one other change. We will assume the flux between the atmosphere and terrestrial biosphere (kab*Ma and kba*Mb) remain constant at 100 Pgm C yr-1.  In the previous exercise, the CO2 exchange rate between the atmosphere and biosphere were proportion to the carbon masses in the respective reservoirs (i.e., Kab*Ma and Kba*Mb).

1. Using this new formulation recalculate the change in the mass of each reservoir resulting from the input of FF CO2 between 1750 and 2000.  (Remember: make sure that the model maintains steady-state condition before running the FF perturbation scenario.)  Plot the results as mass of each reservoir (in Pgms C) vs time between 1750 and 2000.

2. Assume that the 590 Pgms C in the pre-industrial atmosphere (see Figure) is equivalent to a CO2 concentration of 280 ppm (parts per million or uL CO2/L air).  Convert the model predicted change in atmospheric C mass between 1750 and 2000 to CO2 concentration (ppm) using the above equivalence.  Plot the model output as atmospheric CO2 concentration (ppm) vs year.

3. Compare the model hindcast of the change in atmospheric CO2 between 1750 and 2000 to the observed change in atmospheric CO2 by plotting both sets of values on the same figure.  The observed CO2 concentration time history measured at Mauna Loa Observatory since 1958 can be found at: http://cdiac.esd.ornl.gov/ftp/maunaloa-co2/maunaloa.CO2 . (see Fig. 1)
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Part IV. Model Prediction of Future CO2 levels

The future rate of fossil fuel consumption primarily will depend on the world’s population growth and the amount of energy demand resulting from economic expansion (IPCC, 2001). Estimates of the FF consumption rate for the year 2100 vary from 5 to 35 Pgms C yr-1 depending on the assumed population and economic growth rates (historically growing at ~1-2% yr-1).  The ‘best guess’ FF consumption rate in 2100 is estimated at 20 Pgm C yr-1 for a Business as Usual scenario.  If we assume an annual growth rate of 1.1% for future FF consumption, this yields a consumption rate of ~20 Pgms C yr-1 in 2100, given the current (2000) FF consumption rate of 6.6 Pgm C yr-1.  This is a 3-fold increase in FF consumption over the next century.

1. Between 2000 and 2100, assume that the CO2 production rate from FF combustion increases by 1.1% from the observed rate for 2000.  Calculate the rate of atmospheric CO2 increase from 2000 to 2100. Plot the results as atmospheric CO2 (ppm) vs year.

2. Next, assume that the CO2 production rate from FF combustion remains at the current (2000) rate ~6.6 Pgm C yr-1 until 2100.  Calculate the rate of atmospheric CO2 increase from 2000 to 2100.  Plot the results as atmospheric CO2 (ppm) vs year.

3. Next, assume that the CO2 production rate from FF combustion miraculously decreases to zero Pgm C yr-1 between 2000 and 2100.  Calculate the rate of atmospheric CO2 change from 2000 to 2100.  Plot the results as atmospheric CO2 (ppm) vs year.

a. How does the predicted atmospheric CO2 concentration in 2100 compare to the pre-industrial CO2 concentration?

Questions

1. Why is it important that the model correctly simulates steady-state conditions before performing the FF perturbation simulation?

2. What two differences in the model formulation yield the significantly different  atmospheric CO2 hindcasts in Parts II and III?  

3. Calculate the fraction of total FF-produced CO2 that has remained in the atmosphere in the year 2000 for the calculations in Part II and Part III.  How do these fractions compare to observations?

4. During what time intervals does the modeled CO2 differ from the observed CO2 in Part III?

5. Based on the article by Sarmiento and Gruber (2002), what is a likely explanation of the disagreement between model and observed atmospheric CO2 time history?

6. How could you modify the model to account for the effect of the process identified in the previous question?

7. The model hindcast in Part II is in reasonable agreement with observations after ~1970.  What are the implications of this result in light of the discussion about land-based sources and sinks for CO2 in the Gruber and Sarmiento paper?

8. Some carbon cycle models include a CO2 fertilization effect for the biosphere, where the photosynthesis rate depends on the atmospheric CO2 concentration.  Explain how you would implement such an effect in the model.  Is this an example of a positive or negative feedback in the earth’s CO2 cycle?

9. How does the predicted atmospheric CO2 increase between 2000 and 2100 in the first model scenario of Part IV compare to the model predictions discussed in the Sarmiento and Gruber paper?  What are the primary factors that will control future atmospheric CO2 levels?

10. In the second model scenario in Part IV, the predicted atmospheric CO2 concentration continues to increase after 2000 despite a leveling the FF consumption rate. Explain why this occurs?

11. Give an example of how future warming could change the CO2 uptake rate by the ocean and biosphere.  How could you modify the model to accommodate these climate change induced effects?













�


Fig. 1.   The time history of CO2 in the atmosphere based on measurements since 1958 (inset) and reconstructed from measurements of trapped air bubbles in ice cores from Antarctica. Figure taken from Sarmiento and Gruber (2002).
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