Instructions for a Glacier-Climate Educational Activity

Contact: Dr. Robert Bindschadler, Code 971, NASA Goddard Space Flight Center, Greenbelt, MD 20771;  301-614-5707;  Robert.A.Bindschadler@nasa.gov
Overview

Glaciers respond to climate.  Snowfall and cool temperatures encourage glacier growth; warm temperatures encourage glacier wastage and retreat.  Glacier flow redistributes the mass of a glacier moving ice from the higher, colder, snowier “accumulation zone” to the lower, warmer “ablation zone”.  

This activity demonstrates glacier response to climate.  Climate is represented by snowfall and melting; glacier flow is represented by the redistribution of ice along a straight valley.  The glacier advances and retreats by thickening and thinning as the climate changes.  Many aspects of the interaction of glaciers and climate can be explored with this simple model.   

Only addition and subtraction are required.  Numerous experiments can be completed to show how the size of a glacier depends on these two climate parameters and how the glacier will respond when either climate parameter changes.  Additional complexity can enrich the activity for more advanced students.  

Background

The typical climate cycle for a glacier is comprised of a winter season, when snow falls (adding mass to the glacier) and a summer season, when warm temperatures melt snow and ice (removing mass from the glacier).  The net change in mass along the glacier typically looks like:
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The “equilibrium line” (EQL) corresponds to the location where gain equals loss, i.e., all snow that accumulated in the winter melted during the following summer.  The region above the EQL is called the “accumulation area” and receives net mass.  The region below the EQL is the “ablation area” where more melt than accumulation occurs.

If the glacier under study initially looks like:
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then the climate adds mass at the higher elevations and removes mass at the lower elevations.  Thus the climate alters the shape of the glacier so it looks like,
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Glaciers flow and redistribute this mass.  The thicker the ice and the steeper the slope, the stronger gravity forces the ice to flow.  If, in our example, the glacier is “in balance” (or “in equilibrium”) with the climate, the flow of the glacier exactly compensates for the high-elevation gain and low-elevation loss of mass by moving ice downstream.  In that case, glacier flow through the annual cycle restores the glacier to the original shape.

On the other hand, if the glacier is not in balance with the climate, the glacier will grow and advance, or shrink and retreat.  

Activity Outline

Snowfall and melting are determined for each “year”.  They can be specified, or determined randomly (e.g. die roll).  They can remain constant each year, or change annually.  After determining “climate” (from the combination of snowfall and melting), the specified amount of ice is added and removed from the glacier within intervals along the glacier.  Next, glacier flow is used to redistribute the ice throughout the glacier.  The profile of the glacier, as well as its volume and length, can be followed over time and compared with the climate parameters. 

This activity captures the same characteristics of glaciers and climate used by professional glaciologists.  The amount and distribution of snow added to the glacier during the winter (called “winter balance”) is measured along with the amount and distribution of melt during the summer (the “summer balance”).  The combination is the “net balance”.  The position (and elevation) of the EQL is a key climatic indicator.  In general, an EQL at a higher elevation indicates loss of glacier mass and, is sustained, retreat of the glacier.  Lower elevation EQLs indicate increasing glacier mass and eventual advance.

Activity Description

Here the glacier is represented by a line of boxes (drawn on paper, on a board, or a column in a computer spreadsheet).  
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The boxes represent the portion of the glacier at a certain interval of elevation along a mountain.  Numbers in the boxes (determined below) indicate the thickness of ice at each interval of elevation.  The following is an example of a “glacier” that will be used later,
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The ice flows from left to right.  The box label “EQL” is the equilibrium line and is used to simplify the construction of the climate.

Snowfall varies with elevation.  By specifying the amount of snow at the equilibrium line (EQL), the snowfall at all other boxes is determined according to the following rules:

· The EQL box and the box on either side have the same snowfall amount (specified at the EQL);

· For the next three boxes at higher elevation increase the snowfall by +1;

· For the next three boxes at higher elevation increase the snowfall another +1;

· Continue this until the snowfall at all higher elevation boxes is determined;

· Use the same technique to determine the snowfall for groups of three boxes at lower elevation but decrease the snowfall by one (-1) for each three boxes;

· Snowfall amounts less than zero are set at zero.

For example, if the snowfall at EQL is 3, then the snowfall distribution looks like:
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This is called the “winter balance”.

Melting also varies with elevation and is stronger at lower elevations.  Here it is determined in a similar manner to snowfall but is represented by a negative number because melting removes ice.  First, specify the melting at the EQL.  The rules for determining melting at each box are:

· For the higher elevation box next to the EQL box, add +1 to melting;

· Continue to each succeeding higher elevation box adding +1 for each box (not every third as with snowfall);

· When zero is reached, melting is zero at all higher elevation boxes;

· For lower elevations, add –1 to the EQL value for each succeeding box.

For example, if the melting at EQL is –3, then the melting distribution looks like:
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This is called the “summer balance”.

Snowfall (winter balance) and melting (summer balance) determine the climate (net balance) the glacier experiences.  By adding the snowfall number and the melting number for each glacier box, the net amount of ice added (if snowfall exceeds melting) or subtracted (if melting is less than snowfall) is determined.  Performing this simple addition produces,
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This is the “net balance”.

We can see the similarity between this simple construction of net balance, 
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and the ideal distribution shown earlier,
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Note: Experience shows that snowfall varies less strongly with elevation than does melting.  

If we apply this “climate” to the sample glacier given earlier, the glacier now looks like:
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Snowfall has increased the ice thickness at the higher elevations while melting has shortened the glacier at the lower elevations.

Glacier flow redistributes the ice within the glacier by transporting ice from the higher elevations (where there is an annual excess of mass) to the lower elevations (where there is an annual loss of mass).  Ice motion is driven by gravity and moves faster when the slope of the surface is steeper.  Here the rules of glacier flow are:

· Ice moves in integer units (no fractions);

· The ice thickness to the right (downflow) of a box must be either equal to, or only one unit less than the ice thickness in that box;

· Ice can only move to the right (downflow);

· Ice moves downflow only as far as it must to satisfy the above rules (e.g., it does not spread out into a very long shallow glacier only 1 unit thick, even though this satisfies the other rules.

Continuing our example, the glacier above flows to redistribute the ice into the following arrangement,
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This completes one climate and flow “cycle”.  Note that the glacier has advanced one box over the course of the year.  Initially, the most downflow ice was 7 boxes to the right of the EQL, but after the climate’s impact and flow redistribution, the glacier extended to the eighth box.  Also, the total amount of ice in the glacier increased from 120 to 129 units.  Snow added 45 units while melting subtracted 36 units of ice, a net addition of 9 units, in agreement with the increase in glacier volume.

Hints

The glacier redistribution might appear complicated, but the glacier flow rules make it easy to determine.  The final profile of the glacier will have at most one flat step in the otherwise constant decrease of one unit from each box to the next box downflow.  

It is easy to find this unique solution when physical pieces (representing ice units) are used.  With numbers on paper, a useful hint is to know the sums of the sequence of numbers 1, 2, 3, 4, 5, ….  This sum represents the volume of the glacier of a given length and is given in the following table.

Length
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For the example being used, knowing that the glacier volume is 129 means that the all but 9 of the units are included in a glacier 15 units long.  The additional 9 units of ice are added as a layer one unit thick beginning with the 8 boxes most downflow and the ninth unit added at the downflow end, making the glacier one unit longer.  Placing an ice unit anywhere else would either create a difference between adjacent boxes more than one, or make a longer glacier, both are not permitted by the glacier flow rules.

Time Compression

This simulation allows the glacier to redistribute mass over a large portion of its length in a single climate/flow cycle.  The length of this cycle has been described as a year, but glaciers cannot redistribute mass very far in a single year.  Typically, glaciers move about 100 meters per year and, for reasons not explained here, the response can move at four times the actual speed of the ice.  Thus, one means to get a rough measure of the amount of time represented by a single climate/flow cycle is to equate it to the time it would take a reaction at the head of the glacier to reach the end of the glacier.  This time is equal to the glacier length divided by 400 meters per year.  For our sample glacier, if each box represents a kilometer, then the time interval of each climate/flow cycle is 40 years.  

Glacier Shape

Generally, a glacier is thickest at its EQL and thinner at progressively higher and lower elevations.  This simulation deviates from this geometry for the portion of the glacier above the EQL, but preserves the fact that the surface slopes down in the direction of flow and drives flow that direction as it thins to its terminus.  For simplicity, the glacier is taken to rest on a flat bed, so the ice thickness must increase with elevation to create the proper slope.  A more realistic assumption would specify the shape of the bed beneath the glacier.  Then the surface slope would depend on the surface elevation of the glacier derived by adding the glacier thickness to the bed elevation.  This feature is being worked into a revision of this activity and can be taken on as an advanced topic.

Glacier shapes that include varying widths also can be included in this simulation and are discussed in the Advanced Experiments section.

Suggested Experiments

1. Determine a climate.  If the EQL position is set first, then the snowfall and melting numbers must be the same (at the EQL).  Cycle through each year until the glacier is in balance with this climate.  When the glacier is in balance (also called “steady state”), it does not change shape (at the end of each cycles flow phase).  The start can be no glacier or a glacier of any shape; the end result will be the same.  Volume and length can be followed as the adjustment takes place.  Examples for climate parameters of 2, 3 and 4 at the EQL are provided.  

2. Compare the volume, length and shape of glaciers in balance with different climates.  A glacier with a more vigorous climate (higher number at the EQL) is longer and thicker, in agreement with reality.  

3. Study transitions from one climate to another.  Cycle back and forth.  Because this glacier responds very quickly, the climate must change very rapidly to prevent the glacier from achieving a steady state.  In reality, glaciers are rarely in balance with climate because climate changes faster than glaciers can respond.

4. Move the EQL by changing snowfall or melting, but not both.  Study how the glacier size changes in transition and once in balance.  Determine if glacier size is more sensitive to an equally-sized change in snowfall or melting. 

5. Vary the climate randomly, track the volume and length changes and compare with the climate.  A lag should occur between the climate change and the final glacier response.  A longer glacier responds more slowly and will have a longer lag with climate (although the rapid glacier flow in this activity may not show this well).

Advanced Experiments

1. The glacier geometry can be modified.  Give the glacier a larger accumulation area by making this region wider than one box.  This is a more realistic geometry as mountain glaciers tend to be fed by large, wide accumulation areas that funnel into a narrow valley that extends down the mountainside.  Do not allow differences in glacier thickness across the width.  This should result in a much longer glacier because the volume of ice above the EQL is larger and more ice is available for transport below the EQL.

2. The same change in width can be applied to the downstream end of the glacier.  There are “piedmont” glaciers that match this shape.  Using the same rules of no cross-width variation in thickness, this shape should result in a shorter glacier because the piedmont exposed much more ice to melting than if the glacier ends in a narrow valley.

3. Limit flow distance in a single climate/flow cycle.  Devise rules that mimic the reality that thicker and more steeply sloped ice moves fastest.  Each block of ice could be assigned a maximum movement allowed for a single climate/flow cycle based on the ice thickness and the slope at each box.  This property will significantly slow the response time of the glacier to any changes in climate and give a richer insight into the delay in glacier response to climate.  It can be combined with any of the above experiments.

Computer Simulations

These rules can be incorporated into spreadsheets or simple computer programs to reduce the tedium of the calculations.
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