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

Paul Quay

University of Washington

Background

We know the amount of CO2 loaded into the atmosphere each year via fossil fuel combustion, currently about 6x1015 gms yr-1, from records of the yearly rates of fossil fuel (FF) production.  However, the measured yearly increase in the concentration of CO2 in the atmospheric, at about 3x1015 gms yr-1, corresponds to only ~50% of the FF combusted (Fig. 1).  Thus about half of the FF-produced CO2 leaves the atmosphere.  What is the fate of this ‘missing’ CO2 produced by fossil fuel combustion?  There is evidence that that the ‘missing’ CO2 winds up in the ocean and terrestrial biota.  Thus the rates of anthropogenic CO2 uptake by the ocean and terrestrial biota, in addition to the future rate of FF consumption, will control the CO2 increase rate in the atmosphere.  Since CO2 is the dominant greenhouse gas, its future atmospheric concentration will significantly impact the earth’s temperature increase over the next few centuries. 
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In this exercise, we will construct a simple ‘box model’ of the earth’s carbon cycle to determine the fate of FF-derived CO2.  The model will simulate the exchange of CO2 between the earth’s major carbon reservoirs that are exchanging carbon on time scales relevant to anthropogenic activity, that is, the atmosphere, ocean and terrestrial biosphere.  A schematic of this model construct is shown in Fig. 2 from a paper in Physics Today by Sarmiento and Gruber (2002), which can be found at http://www.physicstoday.org/vol-55/iss-8/p30.html. 
We will use the model to hindcast the historic build-up of CO2 in the atmosphere during the industrial era that resulted from the historic record of fossil fuel (FF) consumption.  We will then use the model to forecast the future atmospheric CO2 [image: image2.png]Remosphere
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concentrations based on anticipated levels of fossil fuel consumption.  

Mathematical Formulation

The build-up of CO2 in the atmosphere can be described by a differential equation that describes the time rate of change of CO2 in the atmosphere as a function of the rates of exchange of CO2 between the atmosphere, ocean and terrestrial biota and the input of CO2 from fossil fuel combustion.  We will assume the CO2 exchange flux between reservoirs is expressed in terms of the mass of CO2 in the reservoir (M) and a rate constant of exchange (k).  The actual process causing CO2 exchange between the atmosphere and ocean is air-sea gas exchange and the processes causing CO2 exchange between the atmosphere and terrestrial biota are photosynthesis and respiration.  The equation describing the time rate of change of carbon mass in the atmosphere is expressed as:

dMa/dt =  koa*Mso – kao*Ma + kba*Mb – kab* Ma + Sff,


(1)

where so= surface ocean, a=atmosphere and b=biosphere and Sff = the input rate of CO2 from FF combustion.   Since M has units of grams of Carbon and k has units of yr-1, the mass exchange rate or flux of carbon is in gms C yr-1.  We can write similar equations for the other carbon reservoirs:

dMso/dt =  kao*Ma – koa*Mso






(2)   

dMb/dt =  kab*Ma – kba*Mb






(3)   

We will add one other carbon reservoir, the deep ocean (do).  The deep ocean exchanges carbon with the surface ocean via mixing caused by currents and turbulent diffusion in the real ocean.  The distinction between the surface and deep ocean occurs because of the time scales of exchange which is ~10 years in the surface ocean (0 to ~100m depth) and ~1000 years in the deep sea (1000-4000m deep).  The time rate of change of carbon in the deep sea is expressed as:

dMdo/dt = ksd*Mso – kds*Mdo






(4)


To answer the question posed, i.e., what is the fate of the anthropogenic CO2?, we need to determine the time rate of change of CO2 in each reservoir (dM/dt).  If the carbon inputs exceed the outputs, then dM/dt > 0 and the mass of reservoir increases over time.  In contrast, if the carbon outputs exceed the inputs, then dM/dt < 0 and the mass of the reservoir decreases over time.  If dM/dt =0, then a steady-state condition exists, that is, the inputs equal the outputs and there is no change in the amount of carbon in the reservoir over time.  We will assume a steady-state condition applied to the earth’s carbon cycle before human activity perturbed the CO2 balance.

Model Description 

We will construct a simple “box model” to simulate the CO2 exchange represented by equations 1-4.  There will be four carbon reservoirs: atmosphere, terrestrial biota, surface ocean and deep ocean.  The earth’s carbon cycle will start at steady-state, so that the carbon inputs equal the outputs for each reservoir and dM/dt = 0 for each reservoir.  From this starting point, we will start to add CO2 to the atmospheric reservoir by prescribing the annual FF combustion rate using a compilation of historic records of coal, petroleum and natural gas production rates.

In practice, we calculate the change of carbon mass in each reservoir (dM) over some prescribed time step or time interval (Δt).  Thus the carbon mass in each reservoir after the time step (Mt) equals the previous carbon mass of the reservoir (Mt-1) plus the change in the mass dM, which equals dM/dt * Δt.  Mathematically this is expressed as:


Mt = Mt-1 + dM/dt * Δt





(5)

We repeat this calculation over and over again for “n” times until n*Δt equals the time period of interest of the calculation.  For example, if we want to calculate the build-up of CO2 in the atmosphere from 1750 to 2000 (i.e., 250 years) and we use a time step of 1 year, then we need to perform this calculation 250 times. Since we have annually averaged rates of FF combustion, our time step needs to be not greater than one year.  The smaller the time step, the closer the numerical integration of the equation approaches the analytical integration over “dt” (and the more accurate the integration), but the more iterations that must be performed (e.g., if the time step is 0.1 years then calculation would have to be performed 2500 times in the above example). 

Model calculations.

We will assume initial pre-industrial reservoir sizes (M’) and carbon exchange rates (k) based on estimates in the literature (e.g., Sarmiento and Gruber, 2002) as seen in Fig. 2.  Assume the pre-industrial fluxes into and out of each reservoir are balanced. For example, assume the air-sea CO2 gas exchange rate is 70x1015 gms yr-1 in both directions, i.e., kao*Ma = koa*Mso.  (Note: 1015 gms = 1 Petagram or Pgm). From the pre-industrial carbon fluxes and reservoirs sizes given in Fig. 2, calculate each k value needed to describe the steady-state carbon exchange rate between the reservoirs.  For example, since the carbon exchange rate or flux from the atmosphere to ocean is 74 Pgm C yr-1, then kao = Fao/Ma = 74 Pgm C year-1 / 600 Pgm C = 0.123 year-1.  These k values remain constant over the entire time interval of the model calculation.  The inverse of k yields an estimate of the residence time of carbon in that reservoir, which would be ~8 years for the atmosphere (with regard to air-sea CO2 exchange) in the above example.

Initially pick a time step (Δt) of 1 year.  Calculate the change in the carbon mass of each of the four reservoirs using the calculated k values and initial M values.   Perform the calculation over 250 time steps.  If you have set up the equations correctly, and Sff is set to zero, you should see no change in the M values from their initial values since the carbon transfers into and out of each reservoir are equal, i.e., dM/dt = 0.  That is, the model is at steady-state.  Calculate the total carbon mass in all four reservoirs for each time step.  The total amount of carbon in all the reservoirs shouldn’t change over time since carbon has been neither added nor subtracted to the system.  If the mass of carbon doesn’t stay constant over time under this steady-state condition, the model has an imbalance between the carbon inputs and outputs in at least one of the reservoirs.

During the industrial era (1750-present), the annual CO2 production rate from FF combustion is taken from Marland et al (2000) which is available at http://cdiac.esd.ornl.gov/authors/marland.html.  The production rate of CO2 from FF combustion is represented by Sff in equation (1).  

The model can be run in Excel.  The simplest way to set up the model in Excel is to have a series of columns that represent: the carbon mass in each reservoir (Ma, Mb, Mso, Mdo), the total carbon in all reservoirs, the input of CO2 from FF combustion (Sff) and the year.  The rows will represent years starting in 1750 and ending in 2000.  The first row will contain the initial carbon mass (M’) for each reservoir, e.g., 590 PgC for the atmosphere (see Fig. 2).  In each subsequent row, the mass for each reservoir is recalculated using the expression Mt = Mt-1 + dM/dt * Δt, where Mt-1 is the mass from the previous row and Δt is the time step (initially chosen as 1 year).  Thus for each row, calculate the dM/dt for each reservoir by adding up the carbon inputs and subtracting the carbon outputs using the M values from the preceding year (row) and then add dM/dt*Δt to get the new mass for each reservoir.  Repeat this calculation for each row.  Each row represents the time interval equal to the time step, thus if the time step equals 1 year then each row represents one year.  For a time step of 1 year there will be 250 rows needed to represent the time change in the mass of the reservoirs between 1750 and 2000. (If the time step is chosen as 0.1 years, then 2500 rows would be needed to represent the time interval between 1750 and 2000.)  
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Model Verification

Mathematical analogs (models) of natural systems are imperfect because it is very difficult to describe nature exactly using a mathematical formula.  In this modeling activity, for example, the carbon reservoirs described by a single box are in nature not homogenized and the carbon transfer rates between the reservoirs have substantial uncertainties (e.g., ±30-50 %), see Fig. 1.  Despite these shortcomings, models are very useful because they can predict future change.  One way to test the accuracy of model predictions is to compare their hindcasts to observations.  Evaluating how well the model simulates the past is one indication (but not necessarily a sufficient condition) of how well they will predict the future.  One can determine the sensitivity of the model predictions to changes in the model parameters.  For example, one can use the model to determine by how much the predicted atmospheric CO2 level in year 2100 differs if the air-sea CO2 gas exchange rate is 90 Pg C yr-1 rather than 70 Pg C yr-1 (a 30% increase) assumed above.  Sensitivity tests like this yield estimates of the uncertainty of the predicted future atmospheric CO2 levels (see Fig. 3).

Modeling Exercises

The specific modeling exercises that use the model developed above to hindcast the historic build up of atmospheric CO2 during the industrial era and forecast the future CO2 build-up during the next century are described in the second part of this activity under “Modeling Exercises”.

Epilogue

The best models we have currently, using a full 3-D circulation field for both the atmosphere and ocean and a terrestrial ecosystem to describe land plants, predict CO2 levels of ~700 ppm in 2100 (an atmospheric carbon mass of ~1500 Pgm), but with rather large uncertainties (see Fig. 3). The largest uncertainty in the model predictions is the magnitude of the terrestrial carbon sink and its sensitivity to the anticipated climate change.  For example, increasing the atmospheric CO2 concentration to 700 ppm will result in a global mean warming of ~4ºC which likely will have a significant effect on ecosystem function (as will anticipated changes in global precipitation patterns).













�





Fig 1. The accumulation rate of CO2 in atmosphere and land+ocean versus the emission rate from fossil fuel combustion.  These estimates are derived from time histories of atmospheric CO2 concentration measurements and fossil fuel production rates.
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Fig 2. The earth’s carbon cycle where black numbers represent the pre-industrial amount of carbon is each major reservoir (in 1015 gms C) or the flux of carbon between reservoirs (in 1015 gm C yr-1).  The numbers in red represent the additional sizes and fluxes during the 1980’s caused by human activity. (Figure from Sarmiento and Gruber, 2002). 
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Fig. 3. Model predictions of future atmospheric, oceanic and terrestrial carbon inventories (Pgm C) over the next century compared to CO2 emission from fossil fuel combustion.  The two models differ in how they treat the sensitivity of the land biota to the anticipated climate change (mainly warming and precipitation changes) predicted to result from increased atmospheric CO2 levels. (Figure from Sarmiento and Gruber, 2002).
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