EESS 143/243: Marine Biogeochemistry

Spring 2012

Prof. Kevin Arrigo
Activity 4: Box Model
1.  This is a simplified model of the ocean in which box A represents the surface Indian and Pacific Oceans, box B represents the surface Atlantic Ocean, and box C represents the deep ocean. The river inflow rate, volume exchange rates between basins, and the total volume of each basin are noted.

Currently this system is not in steady state. Examine the model and determine what process(es) is missing. If necessary, modify the model to maintain the system in steady state.

Discuss any missing processes and why they are necessary to maintain steady state. What are the possible processes you could include to keep the system in steady state? Which of these options produces the most realistic ocean? In this type of box model, all processes are highly parameterized and idealized. Describe, as best as you can, what processes in the real ocean are represented by the processes you added.

2.  Now we will investigate chemical dynamics in our simplified ocean. Calculate the concentrations in each box for one of the following conservative elements, taking into account their vertical profile in the ocean:


a.
Calcium – Group 1 

i.
River dissolved concentration: 364 µmol L-1

b.
Magnesium – Group 2 

i.
River dissolved concentration: 160 µmol L-1

c.
Molybdenum – Group 3 

i.
River dissolved concentration: .005 µmol L-1

d.
Vanadium – Group 4 


i.
River dissolved concentration: .02 µmol L-1

e.
Arsenic – Group 5 


i. 
River dissolved concentration: .023 µmol L-1
Assess the system and determine whether the relative concentrations in the boxes make sense compared to the real ocean.

3.  Repeat part 2, only this time use the following non-conservative elements: 

a.
Nitrogen – Group 1



i.
River dissolved concentration: 30.0 µmol L-1

b.
Phosphorus – Group 2



i.
River dissolved concentration: 1.30 µmol L-1

c.
Silicon – Group 3


i.
River dissolved concentration: 193 µmol L-1

d.
Iron – Group 4


i.
River dissolved concentration: 0.70 µmol L-1

e.
Zinc – Group 5



i.
River dissolved concentration: 0.50 µmol L-1
After you’ve obtained steady-state concentrations for each box, determine whether the vertical profile of your nutrient matches field observations. Determine what important process is missing and add it to the model.

As in Part 1, discuss any missing processes, whether they are representative of the real ocean, and why they are necessary to maintain steady state. 
4.  Calculate the residence time of the nutrient you analyzed in Part 3 for each box in the model. If the river input doubled, how long would it take for the system to reach steady state? What implications do these observations have for the real ocean? Are all nutrients currently in steady state with respect to their fluxes into or out of the ocean? Which nutrients are most out of balance? What are the likely impacts of this imbalance and how soon are they likely to be observed?
An illustrative Box Model Exercise
In this exercise, you will see an example of the powerful insights about global ocean biogeochemistry that can be gained from very simple box models, such as the one you constructed above.  This exercise will demonstrate the importance of the high latitude oceans and the efficiency of the biological pump.  It isn’t necessary to include this exercise in your presentations, it is only for your own enlightenment.  Go through the questions/calculations and discuss with your group.
Consider the two-box model shown in Figure 1 below, which divides the ocean into surface and deep.  Two boxes is the minimum number allowing us to explore the process of organic matter export (i.e. the biological pump).  In this case, we ignore rivers and sediment burial, as these processes affect ocean chemistry on much longer timescales than the surface-deep exchange and organic matter export/remineralization that is the focus of our model, and can therefore be ignored.  We will also assume a constant stoichiometric ratio for the formation and remineralization of organic matter of C:N:P:02 = 106:16:1: -150.  This ratio is not, in fact, constant over the ocean, but will serve as an average value that is sufficient for our purposes.  We will focus on phosphorus rather than nitrogen for simplicity, as phosphorus has only one main dissolved inorganic form (PO4) and does not have sources and sinks internal to the ocean (such as nitrogen-fixation or denitrification).  

Notation:

Φ = Organic matter flux (mmol s-1)

v = Volume exchange rate (m3 s-1)

V = Total volume of a given box (m3)

C = Concentration (mmol m-3, equal to µmol L-1)

Subscripts: s = surface; d = deep; h = high latitude; l = low latitude
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Figure 1. Two-box model schematic.  Reproduced from Sarmiento and Gruber [2006].

The phosphorus balance in the surface ocean box can be calculated as:

Vs * d[PO4]s/dt = v * ([PO4]d – [PO4]s) - ΦP
Make sure you understand this equation and that the units make sense.  Construct the analagous phosphorus balance equation for the deep box.  Next, calculate the steady state organic phosphorus flux (ΦP) in mol yr-1.  The steady-state equation for ΦP should show that organic matter flux is balanced by mixing of deep nutrients up to the surface.  Assume surface phosphate concentration is 0 mmol m-3, deep concentration is 2.1 mmol m-3, and the surface-deep volume exchange rate is 1.2 * 1015 m3 yr-1 (calculated from radiocarbon concentrations; see Sarmiento and Gruber [2006]).  Assuming the constant stoichiometric ratio given above, what does the organic phosphorus flux equate to in organic carbon in Pg yr-1?  How does this result compare to more sophisticated models that give ~10 Pg C yr-1 export flux?  What processes are missing from our two-box model that could improve our estimate?

Let us consider the oxygen content of the deep ocean using our model.  Using the given stoichiometric ratio for organic matter, the deep ocean oxygen balance is:
Vd * d[O2]d/dt = v * ([O2]s – [O2]d) – 150*ΦP
Assuming steady state and using the equation for ΦP that you found above, calculate deep ocean oxygen concentration.  Assume a mean surface oxygen concentration of 234 mmol m-3.  How does your result compare to the global measured deep ocean average of 162 mmol m-3?  If you’ve made your calculations correctly, your oxygen concentration is impossible!  Clearly, we are neglecting a major process in our simplified model.  Can you think of what it is?

The biggest problem with our simple 2-box model is that it does not account for how deep water actually forms in the ocean, which is at the high latitudes, particularly the Southern Ocean.  This region is much colder and has an inefficient biological pump compared to most of the surface ocean (why?), so surface oxygen and phosphate are both much higher than the global averages we have been assuming (Figure 2).
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Figure 2. Sea surface phosphate concentrations.  Reproduced from Sarmiento and Gruber [2006].

We can capture the high-latitude process of deep water formation by adding a third box to our model, representing the high-latitude surface ocean (Figure 3).  The new model includes an overturning exchange T (m3 s-1) that flows from the deep ocean into the low latitude box, then through the high latitude box and back into the deep box.  It also includes mixing between the high latitude and deep ocean box (fhd), but not between the low latitude and deep ocean box, which is generally far less.  Finally, it includes different organic matter fluxes in the high versus low latitudes. 

[image: image3.png]HIGH-LAT LOW-LAT
Ch G
( frg @
Dy

DEEP





Figure 3. Three-box model schematic.  Reproduced from Sarmiento and Gruber [2006].

Equations for the concentration of elements in each box can be obtained in an exactly analagous manner to the 2-box model above.  Similar to the above calculations, when assuming steady state and stoichiometrically relating oxygen to phosphate, all of the transport/mixing terms cancel out of the equation.  The final steady state oxygen balance for the deep box becomes:

Vd * d[O2]d/dt = 0 = [O2]h - [O2]d - 150*([PO4]d – [PO4]h) 

Assuming a high-latitude surface oxygen concentration of 316 mmol m-3 and phosphorus of 1.3 mmol m-3, again calculate deep ocean oxygen at steady state.  Is this value in better agreement with the observed deep ocean oxygen concentration?  What happens to [O2]d if the biological pump of the high latitude surface ocean becomes completely inefficient at exporting organic matter?  What if it becomes 100% efficient?  Could the efficiency of the biological pump explain periods of deep ocean anoxia observed in the geologic record?  Biologically, how and why does the efficiency of the biological pump change deep ocean chemistry, and why are the high latitudes disproportionately important in this process?  
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