Lake Level Changes in the Arid West

On completing this module, students are expected to be able to:
· Create a model of a lake chain using topographic data to derive depth-area-volume relationships for each lake and if-then-else logical statements to determine whether a lake has reached its overflow point given various runoff and evaporation scenarios.
· Demonstrate the impact of changing boundary conditions (in this case, lake reservoir geometries) on system behavior.
· Predict and assess how reservoir response time affects the ability of the lake chain to record climatic variations occurring over different periods of time (e.g. orbital to centennial-scale cycles).
Closed-basin lakes in the western United States have been termed “nature’s rain gauges” because they respond to variations in precipitation by changing their levels. Many basins in the arid West today contain small lakes, but also have shoreline deposits that indicate these lakes were once much larger. Basin center deposits combined with shoreline materials indicate that lakes oscillated in size throughout the Pleistocene. Lakes most likely expanded because the polar jet stream was forced southward by the large ice sheet that covered North America during glaciations. The jet stream (today found at the latitude of British Columbia) is the locus of storm activity, and computer models of late Pleistocene climate suggest that it split around the ice sheet, with its southern track ending up in eastern California and Nevada. When the ice retreated, the jet stream shifted northward, and the lakes dried up.

In today’s modeling project we will explore the impact of changes in climate on the level of lakes in the Owens River system of eastern California. These lakes, which were separated by bedrock sills and which were fed by runoff from the eastern flank of the Sierra Nevada, were headed by Owens Lake. When Owens Lake filled to its maximum level, it overflowed into the China Lake basin, which in turn overflowed into Searles Lake. During particularly wet periods in the geologic past, Searles overflowed into Panamint Lake, which ultimately overflowed into Manly Lake in Death Valley. In our modeling effort today we will see what combinations of runoff and evaporation might have led to Pleistocene lake level oscillations.

All questions are in red. Please write their answers in here as you go along and use a font that makes it easy to find your answers.  

Exercises
To begin our modeling effort, we will use a number of assumptions that will make our lives easier. First, as mentioned in the reading for this project, let us assume that groundwater exchange with each lake is negligible. This will allow us to ignore those flows. Second, let us assume that the only lake that receives runoff from its own drainage basin is Owens Lake, so that all other lakes in the chain have water in them only when the next lake up the chain is overflowing.  This assumption is easily justified by the very strong rain shadow effect of the Sierra Nevada range and other Great Basin ranges that separate the different valleys in the Owens River chain of lakes. Third, let us simplify the inflow to Owens Lake by considering it to consist entirely of runoff from the Sierra Nevada range rather than a combination of runoff down the Owens River and precipitation directly on the lake surface.  

1) With these assumptions in mind, use STELLA to create a stock and flow representation of the entire chain of lakes, linking them together with overspill flows and making sure to incorporate evaporation outflows. Do not worry yet about putting in any values for reservoirs or flows. We will get to that later.  Before you go any further, paste in a copy of your STELLA model graphic here:


2) The evaporative outflow from each lake depends on the surface area of the lake multiplied by a vertical evaporation rate. This requires that we incorporate into our model a relationship between lake volume and area for each lake in the chain.

The file called “hypsometry_data.xls” contains area/volume/depth relationships for each lake. Create a scatter graph of area as a function of volume for Owens Lake and then apply a curve fit to this graph to determine the function that relates these two variables. To do this, right-click (control click on a Mac) the data points in your graph and then select Add Trendline from the window that pops up. Select the Power trend line option (note that this curve fit option will not work if you include the zero volume, zero area point, so plot your data starting with the 1 m lake depth values). Then, ask Excel to show the equation and its R2 value on the chart. Once the equation appears on the graph, double-click on it and select the Scientific display option for the numbers. Select 4 decimal places.  Show your graph here and be sure to label your axes:

3) Repeat step 2 for the other four lakes in the chain. Experiment with different curve fits until you find one that seems to best fit the data, but make sure that the fit makes sense. In other words, do not use a function in which the area decreases as the volume increases. Also, a simpler equation is generally better than a very complex one. In other words, do not use a 6th order polynomial if a 2nd or 3rd order one works nearly as well. Show your graphs and curve fits here:

4) Now that you have determined your area/volume relationships, create converter circles in your STELLA model to hold these relationships. Link the converter circles to the lake volume reservoirs and to the evaporation outflows for each lake, and put the equations into each converter. Paste in a copy of your modified STELLA model here:

5) Let us take a careful look at the equations you have just entered for the area/volume relationships. What is the area of each lake when the volume it contains is 0?  Is this physically possible?

We will correct this flaw in our model by forcing each lake to have zero area when it has zero volume. The way to do this is to use a logical statement that tells STELLA that when the volume is zero, the area also is zero and that otherwise the area can be calculated from the volume, given the equation you have just determined. For example, we might write in the converter circle for the Owens Lake area:

if (Owens_volume <= 0.) then (0.) else (75991.*(Owens_volume^0.37636))

Incorporate this type of if-then-else logical statement into each of your area/volume converters.


6) Now take a look at the table below, which shows information on each lake's topographic characteristics. 


	
	Owens
	China
	Searles
	Panamint
	Manly

	lake floor (m)*
	1081
	657
	493
	317
	-86

	spill elevation (m)*
	1145
	665
	690
	609
	87***

	max depth (m)*
	64
	8
	197
	292
	173

	max area (km2)**
	610
	195
	650
	780
	1560

	max volume (km3)**
	25
	1.2
	76
	117
	153


*from Smith and Street-Perrott, 1983
**determined from the 3 arc second DEMs and ArcInfo
***maximum shoreline elevation rather than spill elevation

Can you think of another flaw in our existing model? Hint: do our equations for area as a function of volume have any upper bounds?

How might we address this flaw? Modify your STELLA model accordingly.  

7) While it is important for us to know the area/volume relationship for each lake in order to calculate the amount of water that leaves it by evaporation each year, we would also like to keep track of the depth of each lake over time since the geologic evidence we have for the expanded lakes consists largely of shorelines found high above presently dry valley floors.

Go back to the hypsometry.xls file and carry out the same steps that you did for the area/volume relationships to develop depth/volume relationships.

Paste copies of your graphs of depth as a function of volume for each lake in here and show your modified STELLA model graphic.

8)  Take a look at the table below, which shows average runoff and evaporation rates for each lake in the chain for modern conditions.
	
	Owens
	China
	Searles
	Panamint
	Manly

	runoff (m3/yr)*
	3.98x108
	0
	0
	0
	0

	evaporation rate
(m/yr)**
	1.34***
	1.41
	1.65
	1.65
	1.97


*Los Angeles Department of Water and Power discharge records from 1932-1994.
**Smith and Street-Perrot, 1983.
***Calculated from historic data.

Open up the evaporative outflow from each lake and put in the appropriate equation to calculate the volume of water leaving that lake each year given its area and the data in the table. Show your equation for evaporation for Owens Lake here:

9) We are nearly ready to run our model, but there is one thing we need to finish, and that is to determine how much water is spilled from one lake to the next.  What do we need to do to allow the lakes to overflow when they fill up to their spill points? Write the equation for overflow that you are using for Owens Lake here and apply the same logic to the other lakes in the chain.  

Modify your STELLA model to show the dependency of the overflow from each lake on lake volume and paste a copy of your modified model here:

10) Fill in your remaining initial conditions – initial lake volumes = 0 and runoff rate as specified for the modern climate. Make sure to check and document all units.

11) Create a graph to hold the lake depth values and then run your model for about 300 years. Carry out the 1/2 DT test to be sure you are using the appropriate time step. Once you are satisfied, paste your results in here. What size lakes do you get? Does this make sense? Why does the depth of Owens Lake eventually reach steady state?

12) How long does it take for Owens Lake to reach 95% of its steady state depth?  Note: I am asking for 95% of steady state because the lake approaches steady state asymptotically, so it is difficult to determine when it has reached complete steady state. For all future questions regarding time required to reach steady state you may also look at the 95% value.

13) Let us experiment with changing the area/volume relationship for Owens Lake to see what impact basin shape has on the response time for the lake (response time = time required to reach steady state). Change your exponent in the area/volume equation to values higher and lower than the value you got for Owens Lake (try 0.35 and 0.4). What happens to the response time and to the depth as you change the exponent? Why?  

14) Set your exponent back to its original value. Now determine how much you need to increase runoff by in order to get water to flow all the way to Lake Manly given modern evaporation rates (Note: you may need to run your model a bit longer to do this). Paste in a copy of your graph of lake depths and give the value of runoff required.

15) We know that glacial period evaporation rates were significantly depressed relative to modern because of the colder average surface temperature of Earth.  Incorporate a 30% reduction in evaporation rate to all of the lakes and again determine how much water is required to get water to spill into Lake Manly.  What value do you determine?

16) How long does it take the entire lake chain to achieve steady state under this glacial scenario?

17) Given the response time you have just determined, comment on the ability of the whole lake chain to fully record climatic changes (such as long droughts or exceptionally wet periods) that occur on a timescale of decades.

18) Do you think the lake chain would be able to record climatic changes that occur on a timescale of thousands of years?

19) Using the modern evaporation rates, let us put your answers to 17 and 18 to the test. Create an equation that will allow the runoff to vary sinusoidally between modern and 10x modern values with a period of 100 years. What is your equation?

20) Run the model for several hundred years and show the behavior of the lakes.  Is the chain in steady state with respect to the oscillating climate? How do you know (hint: pay close attention to those times when you know the lake chain is experiencing modern climate conditions)? Paste a graph of your lake depth results in here as part of your answer.

21) Now change the period to 1000 years and run the model for a few thousand years. Is the chain in steady state now? How do you know?

22) As mentioned in your reading, the analyses conducted on the Owens Lake core taken in 1992 show that eastern California experienced climate changes that appear to have been forced by Milankovitch cycles. Based on the experiments you have just conducted and what you know of the periods of the Milankovitch cycles, comment on whether you think the Owens River chain of lakes would have fully recorded these climate cycles.

[bookmark: _GoBack]23) An El Nino event is expected next year, which typically results in abnormally high rain and snowfall in the Sierras. The governor of California has heard about your model and wants you to help advise him about water management, in the hopes that some of the excess water might be saved and later used for export to surrounding communities and farms. Can your model address this issue? Reply to his request (you do not actually need to make any recommendations), explaining why you can or cannot use your model to help. If not, why not? If you can, under what conditions, or with what caveats and uncertainty? 




6
		
