TEMPERATURE PROFILES IN PERMAFROST

On completing this module, students are expected to be able to:
· Create a model of heat flow through the outer kilometer of Earth's crust using Fourier's law of heat conduction.
· Experiment with different thermal conductivities and heat capacities to see the impacts of changes on the crust's geothermal gradient.
· Experiment with a step increase in surface temperature to explore the impact of anthropogenic warming on the geothermal gradient.
· Explain how borehole temperature data in permafrost can be used to show that the Arctic has experienced recent warming.
· Evaluate the impact of different frequencies of surface temperature oscillation on the geothermal gradient over time.
· Compare model results to published borehole temperature data.
Permafrost is perennially frozen ground that exists at high latitudes and altitudes. In order for ground to be considered permafrost, its temperature has to have remained at or below 0°C for a period of at least two years. The fact that water in permafrost is frozen and does not circulate means that the only way for heat to be transmitted through permafrost is via conduction, the process by which kinetic energy from fast-moving molecules is transferred to slower-moving molecules through collision.  Transfer of heat by conduction can be described by Fourier's Law, which relates the flux of heat through a substance (Q) to the temperature difference across it (dT/dz) and to its thermal conductivity (k), an inherent material property:

Q = -k*(dT/dz)

Since Earth's internal temperature is higher than its surface temperature, heat is continuously conducted toward the surface. The temperature difference creates the "geothermal" gradient, which measures roughly 20-30 °C/km depth.  

In the mid-1980s, Arthur Lachenbruch and Vaughn Marshall realized that they could use inflections in the geothermal gradient in permafrost to detect climate change. Their reasoning was thus: If mean annual temperature remains constant over a long period of time, the geothermal gradient is fairly constant with depth (barring changes in the thermal conductivity of the rocks and soil that the heat has to move through).  However, if the mean annual temperature changes, either to become warmer or to become cooler, the gradient has to adjust itself to the new surface temperature. Because the movement of heat through a medium is not instantaneous, but rather takes time, the surface layers of soil and rock respond to the change well before the deeper layers. This variation in the time of response creates a "kink" in the geothermal gradient with depth (Figure 1).
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Figure 1:  An increase in temperature at the ground surface from o to o + D causes a kink to form in the geothermal gradient. A later drop in surface temperature by an amount "d" results in a further bending of the profile. If surface temperatures change and remain fixed for a long period of time, the entire geothermal gradient will straighten out again and reflect the new surface temperature. The new gradient will be parallel to the old one, but shifted toward either colder or warmer temperatures. From Lachenbruch and Marshall (1986).



To demonstrate this phenomenon, Lachenbruch and Marshall used thermistors dropped into exploratory holes drilled into Alaska's North Slope area by oil companies.  In many instances, the thermistors registered anomalously high temperatures near Earth's surface, which they interpreted as evidence of a warming of 2-4 °C over the last several decades. More recent work by Davis et al. (2010) using boreholes in Utah shows a similar history of warming, though not as large a value because the Arctic has warmed more than lower latitudes (Figure 2).

[image: ]
Figure 2: Thermistor readings from a borehole in Utah reveal that surface temperature rose over a 30-year period (From Davis et al., 2010). The different traces shown for each year are purposefully staggered on the graph to allow us to see how much temperatures have deviated from the expected long-term geothermal gradient (the black line underlying each blue line). 


For today's modeling project, we are going to create a model of heat flow in permafrost to see if we can replicate the impact of a surface temperature change on the geothermal gradient. Please write the answers to the questions in here as you go along and make sure to use a font that makes it easy for me to find your answers. Make sure to answer all red questions.
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Exercises
1) Fourier's law of heat conduction relates the flow of heat through any medium to the change in temperature from one level to the next and to the thermal conductivity of the material. In STELLA, what kind of model element (e.g. stock, converter, flow, connector) would we use to represent Q? 

2) Now that you have identified what kind of model element Q is, think about what units it has. From your reading, you learned that Q has units of milliWatts per square meter. For now, do not worry about the per square meter part. 
What is a Watt? 
      If you do not know the answer, consult http://www.engineeringtoolbox.com/heat-work-energy-d_292.html.

3) Given that STELLA represents modeling problems as a series of reservoirs connected by flow arrows, what, besides the modeling element you will use for Q, do we need to put into our model to represent the flow of heat from one level of Earth's crust to another level?  

What units will these model elements have?

4)  Create a simple model of heat flow through a 1000-m thick chunk of ground. I recommend that you do this in 100-m thick layers, so that you do not have to work with too many reservoirs and fluxes. Paste a copy of your model in here when you have completed this step. 

5)  While what you have created probably works to show the movement of heat from one layer to the next, what we really want is a model that gives us the temperature of each layer so that we can create a geothermal gradient and then experiment with changing the surface temperature.

Refer to the following websites:

http://www.engineeringtoolbox.com/heat-work-energy-d_292.html
http://www.engineeringtoolbox.com/heat-capacity-d_338.html

You may also wish to refer to the simple climate models we made a few weeks ago.

Based on perusing these materials, what can we use to calculate the temperature of each layer from its heat content?

How might we do this in STELLA? Show what changes you have made to your model by copying your modified model graphic in here. Note: please let me know when you are at this stage so that I can show you how to use the STELLA ghost tool to copy individual modeling elements to multiple locations and avoid a mess of pink connector arrows.

6)  Now that you have found a way to calculate the temperature of each layer, let us think about the flow of heat from one layer to the next.  Look at Fourier's law again and consult http://www.engineeringtoolbox.com/conductive-heat-transfer-d_428.html. What should we do to our STELLA model to make the flows be dependent on the temperatures in successive layers and the thermal conductivity of the crust?

Modify your STELLA model to reflect these dependencies and show the result below.


7)  Note that you currently have heat capacity in your model, or the amount of heat required to raise the temperature of a substance by a degree Kelvin (or Celsius, 0 K = -273.15 °C, but the two scales rise at the same rate such that a 1 K temperature change is equivalent to a 1 °C change). This value varies substantially with material type, and the value more commonly reported than heat capacity is the specific heat of the substance, which is the amount of heat required to change the temperature of 1 kg of the substance by 1 K (or 1 °C).

Consult http://www.engineeringtoolbox.com/specific-heat-solids-d_154.html to find the specific heat for granite, which we will take to be the value for typical continental crust. Use the value you determine to calculate the heat capacity in your model by multiplying by the mass of crust contained in each of your layers. Note that you will need the density of granite (you can use 2700 kg/m3) and the volume contained within each of your layers to do this calculation. Check the units to make sure they all work out. Show your units math here. 

8)  Now consult the STELLA help about uniflows versus biflows. Given the fact that you want eventually to be able to model the impact of global warming on permafrost temperature, which type of flow do you think you need?

9)  The next step in creating our model is to specify our inputs and to consider whether we need any additional converters to handle unit conversions. The data below come from Turcotte, D.L., and Schubert, G., 2000, Geodynamics, 2nd ed., Cambridge, U.K.:  Cambridge University Press, p. 135, and are values of thermal conductivity for a variety of different rock types:  

	Rock type
	Conductivity (W/mK)

	Sandstone
	3.2

	Shale
	1.7

	Sandstone
	5.3

	Salt
	6.1

	Sandstone
	3.4

	Shale
	1.9



Note that we used a specific heat for granite earlier, and here we are using conductivities of sedimentary rocks. This will likely introduce a little bit of error into our model, but we are more interested in learning about how heat conduction works than in replicating exactly geothermal profiles, so this small error is acceptable in our case, and besides, engineering toolbox reports a value of 1.7-4 W/mK for granite. Use the values in the table to calculate an average value of thermal conductivity for inclusion in your model. What value do you get?

Turcotte and Schubert also report that the mean heat flow for all of Earth's continents is 65 +/- 1.6 mW/m2 and for Earth's oceans is 101 +/- 2 mW/m2. Let us start with the average continental heat flow value and use it as the input geothermal heat flux at the base of the model. Look at the units of this heat flow carefully and recall that we would like our reservoirs to contain heat energy units of Joules and the flows between reservoirs to be in Joules per time. It probably does not make much sense to use a time unit of seconds (which would give us a flow in Watts) because we would likely see very little heat flow with such a unit even after 100,000 iterations or so.  Let us instead convert our energy flow values to Joules per year.  

How would we do this? Explain and modify your STELLA model to do this.

Next, let us also take care of the area term in the heat flow values. As noted above, the average heat flow for all of Earth's continents is ~65 mW/m2. If we multiply by a unit area of 1 m2, we can convert our flows to straight mW.  

Where all do we need to do this in our model? Explain and modify your model accordingly. 

Now what can we do to convert from mW to W?


We are almost ready to run the model. Before we do, there are three final things we need to take care of. First, we need to incorporate a way for atmospheric temperature to affect the geothermal gradient. If you previously set up connector arrows to calculate the temperature of your top layer from the energy contained within it, blow up that connection (and the one to the heat capacity) and then create a new converter to hold air temperature that is linked directly to the temperature of that first layer.

Since we are in permafrost terrain, start with an air temperature of -5°C converted to Kelvin.  

Second, draw a pink connector arrow from the top-most reservoir to the flow to Earth's atmosphere. This allows the model to dump all the heat that accumulates in the soil into the atmosphere.

Third, because we are using biflows that allow heat to travel both in the up and down directions within Earth’s crust, there is a possibility that a reservoir could end up with negative heat, which is physically impossible. To prevent this, click on each reservoir and check the box at the top of the window that says “Non-negative”.

Before you go on to do all of your experiments, run your model by me so that I can check its structure and make sure you are using the appropriate inputs. Also, be sure to document your units throughout and check that they make sense.  

10)  Starting with initially empty reservoirs (initial value=0), run your model for as long as it takes to achieve a steady state condition (check DT first!), keeping track of the temperature in each layer as a function of time using both graphs and tables. What is the geothermal gradient you eventually achieve at steady state (please calculate the value in °C/km)?  Paste in a graph to help explain your answer.
 
As you can see, the previous run took some time, and it would be inconvenient to start every experiment with the reservoir values at zero. When modelers encounter this issue they often use steady state values as the new starting value for their reservoir (or flow, or other quantity) to save computing time. So, the first run (from zero) is called “spinning up” the model, and after completing this step they can start from steady state at the beginning of each run. Find the steady state heat value for each layer and input it as the initial value for that same layer. From this point onward, always use your "spun up" model to answer questions and set your run time to 50,000 years.

11) What happens if you change the thermal conductivity to the value Turcotte and Schubert give for salt? Make a prediction, record it, and then run the model. Paste in a graph as part of your answer.  

Do you achieve the same geothermal gradient? Did this match your prediction? Explain how/how not.

Using Fourier's Law, explain why the gradient changed the way it did. You might want to make a table to keep track of all of your flows from reservoir to reservoir before you answer this question to avoid a common misperception. Run the model with both the new and the old values of thermal conductivity and look at the flow values.

12) Now do the same thing using the shale conductivity, including making a prediction before running the model. Did the gradient change the way you expected it to?  Why or why not? Paste in a graph as part of your answer.  

13) Go back to your original value of average conductivity, and this time change the heat flow into the model to that in oceanic rock (recall that Turcotte and Schubert gave the value as 101 mW/m2). Make a prediction, record it, and then run the model. What is your result? Is it as you expected? Why or why not? Paste in a graph as part of your answer.  

14) Go back to the continental value for heat flow, and now run some experiments with changing the atmospheric temperature; be sure to make a prediction for each. If you raise or lower the air temperature, what is the impact on the geothermal gradient?  Why? Were you surprised by this result? Paste in a graph as part of your answer.  

15) What we are going to do now is see what kind of impact a climatic change would have on the geothermal gradient. Change your model so that you have a step change of +5K in surface temperature (from 268.15 to 273.15 K) about a third of the way through your run. Paste in a graph of temperature as a function of time for several layers spanning the total thickness of the model.  


Do all the layers change their temperature at the same time? Describe and explain what you see.  

16) What impact would a change in the thermal conductivity have on the time it takes for the profile to equilibrate to the new conditions? Run some experiments and explain what you did and what the results were. Paste in graphs as part of your answer.  


17) Now let us experiment with some climate oscillations. Set your thermal conductivity back to the average value. Then, modify the air temperature input so that it oscillates between -10 and 0 °C with a period of 1000 years. What is the equation you need to write in the air temperature converter?

18) Make a prediction about how the gradient will change with these oscillations. Run the model. How far down into the ground is the perturbation felt? How does this match up with your predictions? Include a graph as part of your answer.  

How does the amplitude of the perturbation vary with depth?  

Is the perturbation in each depth level in phase with that in the level above and below? Why or why not?

19) Experiment with changing the period of oscillation; be sure to make a prediction first. If you make the period shorter, say 200 years, what happens and why? 

20) What if you make the period longer — say 5000 years?  

21) Now combine the two frequencies by adding the 200- and 5000-yr period sine waves together. Note that you will have to divide the sum of the sines by 2 in order to allow the amplitude of the combined oscillation to range between -10°C and 0°C as it did in the two previous experiments. Run the model and make a graph of temperature as a function of time just like the one in the previous question. Paste the graph in here and explain what it shows.

Climate data are inherently noisy inasmuch as air temperature can change rapidly in a particular location in response to time of day or to the passage of warm and cold fronts through an area. Given your findings above, would you expect permafrost to record this sort of short-term noise at depths below the active layer? Why or why not? 

22) Now we will graph the temperatures in each layer versus depth to create a geothermal gradient profile such as that shown in Fig. 3 of the reading for this unit.  Open up the table that holds the values of temperature for each layer. Double-click on the table header above the column headers (where it says "Temperatures" in the example figure below) to get to the window where you can define the table inputs.  

[image: ]

In the Settings window (see figure below), go to the Interval Every DT check box and check it off. Tell STELLA that you want to use a reporting interval of 100. This will cause STELLA to spit out the temperatures only every 100th iteration.  

[image: ]

	Going back to your initial climatic oscillation period of 1000 years, run the model and then copy the values in the temperatures table (right-click anywhere on the table to get the Copy Data command) to Excel or some similar plotting program.  Delete everything but the last 1000 years of your model run (highlight the data you want to get rid of, then use Edit > Delete). You should be left with 10 lines of data.  Note that STELLA outputs the last row of data with a time called Final. Go change that time to a numerical value.

23) Now select all of the data, and then hit copy. Go to another worksheet and use Paste Special to Transpose the data (take the values and rotate them 90 degrees).  

[image: ]

Put the cursor into the second column as you do this. After the rotation, each column of numbers represents one time slice, and each row represents a different depth. As a result, we are going to be able to plot the geothermal gradient (in °C or K as a function of depth) as a function of time. 

Put the depth of each reservoir in the column to the left of your temperature data, starting at 0 m and going down to 900 m. Change the names of the column heads to reflect their position within the 1000-year time cycle (e.g., first column header after the depth column should be 0 years, then 100 years, etc.). When you are done, your data should look something like this:

[image: ]

Now graph your data so that depth is on the Y-axis and temperature is on the X. When your graph is complete, double-click on the Y-axis and check the Values in Reverse Order box (see figure below) to flip the Y-axis over so that Earth's surface (e.g. Depth = 0 m) is at the top of the graph. Add a title and axis labels to your graph.  

[image: ]

Paste your final graph in here and comment on what you see.  


24) Run through the same process for a shorter period run with a 100-year oscillation.  Paste your graph in here, and comment on what you see.

25) Return to the InTeGrate Unit 7 reading you did prior to coming to class and look at the Awuna borehole temperature profile measured by Lachenbruch and Marshall.  Given the depth to which the geothermal gradient at Awuna is perturbed, what does this suggest about how recently the warming began at that site? Use what you have learned from the experiments in questions 23 and 24 to help you answer this question.

[bookmark: _GoBack]26) Finally, look again at your responses to questions 10, 11, and 12. Based on what you discovered about the relationship between thermal conductivity and the geothermal gradient, come up with an alternate explanation for why the geothermal gradient may deviate from a straight line.

27) Reflect on two aspects of this exercise. a) What was the most difficult step in building the model, and how did you think about solving it? b) What other kinds of applications can you think of for a model like this (you may propose very slight alterations)? 
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