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                                          ABSTRACT

Earth’s glacial mass changes are considered to represent a climate related monitoring system.  This is due to the fact that glacial mass changes provide important quantitative data on rates of movement, advancing and receding, which are interpreted to be caused by climatic changes.  Climate and mass changes of mountain or alpine glaciers have been shown to correlate over both long (years-decades-centuries) and short (days-months-seasons-year) timescales.  Tidewater glaciers, however, have alternate driving forces for movement.  Although their long term movements are dependent on global climate fluctuations, their short term movement mechanisms primarily deal with the glaciers dynamics.   Understanding the role of glacial movements in terms of climatic feedbacks is incomplete without a better comprehension of the glacial mechanics that generate the movements of both alpine and tidewater glaciers.  
Photogrammetric comparison of 5 glaciers in the Kenai Fjords of Alaska was used to analyze the overall movements of the glaciers between the years of 1990 and 2004.  Photographs of two other well studied and highly affected mountain glaciers were also used to show the climate related movements of alpine glaciers.  The photogrammetric results document that alpine glaciers have receded due to climatic changes and that tidewater glaciers have receded and advanced due to non-climatic influences.  
The movement mechanics of tidewater and alpine glaciers were investigated in order to evaluate the potential impact of climate change on their movement.  Columbia Glacier and Hubbard Glacier research was used to examine tidewater glacier mechanics and the calving glacier cycle.  Results prove that tidewater glaciers essentially move due to non-climate related factors such as water depth, fjord geometry and ice thickness.
In contrast, research on alpine glaciers indicates that their movement mechanics are driven predominantly by climate.  These results imply that nearly all tidewater glacial movements are unsuitable for any short timescale climate change studies.  Therefore, it is necessary to make alpine glaciers the focus of short term climate change research.  The receding of alpine glaciers gives conclusive evidence that Earth’s climate changing.
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Chapter 1
Introduction

Part I.  The Cryosphere

Earth’s cryosphere is defined as the portion of the planet’s surface where water is in solid form.  This includes both the snow and ice covered regions of the world.  Earth’s snow cover varies greatly due to seasonal fluctuations, while the glacial ice portion of the cryosphere fluctuates according to the Earth’s climatic changes (NSIDC, 2005).    Currently, approximately 10% of the Earth’s surface is covered with glacial ice.  That accounts for 1.7% of all the water on Earth (USGS, 2004).  These numbers represent the current conditions of the ice volumes on the planet.  Throughout history, climate variability between glacial and interglacial time periods has shown huge fluctuations in the amounts of ice in the cryosphere, which proves that the Earth’s climate has always been changing.  These changes have a direct effect on the global sea level, air temperature, ocean currents, and storm patterns (NSIDC, 2005).   
The importance of Earth’s fluctuating cryosphere is evident.  Significant global glacial ice volume changes have a dramatic effect on the rest of the planet.  The cryosphere is in fact changing right now, for it is constantly changing.  Snow is accumulating on some ice fields and glaciers and melting on others.  This constant flux will be examined in much further detail once the basics of glacial movement are discussed Part II.  
It is commonly thought that all glaciers have one central driving force that causes them to advance or recede, and that is Earth’s changing climate.  This is true to an extent when dealing with the long-term movements of glaciers, but in the case of this thesis, a 14 year timescale was examined, and different types of glaciers were found to have different driving forces.  Through investigating the differing forces causing glacial movements, it was proven necessary to investigate the physical mechanics of the different types of glaciers.  The two types of glaciers studied in this thesis are alpine, or mountain glaciers, and tidewater glaciers.  
The Kenai Fjords of Alaska is the region containing the glaciers studied.  Research on the glacial movements was accomplished through photographic comparison on a 14 year timescale.  Detailed observations on the movements of Columbia and Hubbard Glacier, Alaska, provide insight on how tidewater glaciers move.  Another well-known method of glacial movement measurement is the mass balance approach.  A brief explanation of this method is included in the following section.  
Although this thesis documents how tidewater glacial movements have minimal response to climate change on short timescales, it should be noted that this type of glacier takes up a very small portion in the overall glacial inventory.  Alaska, for example has an estimate 100,000 glaciers, only 50-60 of which are tidewater (USGS, 2004).  So the majority of the glaciers in Alaska, and the world for that matter, are terrestrial and have climate related movements.  Research on climate change and its effects is largely done through the monitoring of these terrestrial mountain glaciers.  By surveying these ice mass fluctuations, climate research can analyze and monitor the varying climate’s effects on glaciers.  Therefore, mountain glacier movements are a highly significant component in today’s climate change research.
Part II.  Glaciology Background
	A glacier is basically a flowing river of ice.  It forms on land in areas where the accumulation and compaction of snow is greater than the melting and evaporation.  A glacier flows down slope or outward due to gravity and the pressure of its own weight (NSIDC, 2005).    Glacial ice is far more plastic than the common ice found in freezers, and is in constant motion moving under its own weight.  The three basic regions on a glacier are the accumulation zone, the equilibrium line altitude (ELA), and the ablation zone.  The accumulation zone is where the snow fall builds up and compacts.  The ablation zone is where the melting, evaporation, and overall ice lost occur.  In between these two opposing zones is the equilibrium line (USGS, 2003B).  This line is easily visible when observing the zones on a glacier.  The ELA can be seen where the glacial blue ice meets the white snow cover further up towards the glacier’s origin (Valentine, et al., 2004).  A diagram of a typical glacier and its zones can be seen in Figure 1.1.  
[image: Basics02]
Figure 1.1.  Zones on a glacier and the stages of the formation of glacial ice 
There are three phases of density snowfall goes through as it moves throughout a glacier.  The snow precipitation that falls atop a glacier ranges in density from 50-300 kilograms per meter3.  Through melting, refreezing and compaction this snow is transformed into firn in a year’s time.  Firn has a density of 500-700 kilograms per meter3.  As this process repeats itself, layers of firn stack on top of each other and cause further compaction.  The lower layers of firn are then compressed into glacial ice under the pressure from the accumulated layers above.  Glacial ice takes between 25 and 100 years to develop and has a density of 800-900 kilograms per meter3 (NSIDC, 2005).    
When looking at a basic model of a glacier, its movement can be predicted quite easily in response to the accumulation versus ablation ratio.  The basics of the mass balance method also deal with this ratio.  If much more ice is being formed in the accumulation area above than is being lost to ablation, the glacier has a positive mass balance and the snout is pushed forward causing the glacier to advance.  Contrarily, if more ice is lost through the processes of ablation than gained through accumulation, the glacier has a negative mass balance and the glacier’s ice mass decreases which causes the glacier to recede (NSIDC, 2005).  This basic glacial model does explain the fundamentals to glacial movements, however there are other factors that introduce many complications to the tidewater glacial movement system.  Before those other factors are examined, an overview of the specific glaciers studied is needed for full understanding and clarity.  
The two types of glaciers researched in this thesis are alpine, or mountain glaciers, and tidewater glaciers.  Mountain glaciers are simply continental glaciers that are usually smaller in size and found in mountainous regions.  They include cirque, hanging, and valley glaciers, and are the most common glaciers in the world.  A tidewater glacier is a glacier that has reached the sea or a large body of water (NSIDC, 2005).  These glaciers originate as mountain glaciers but become tidewater glaciers as soon as their terminus or snout reaches the water.  































Chapter 2
Methodology

Part I.  Photogrammetric Analysis

The method of photogrammetric comparison is used to interpret glacial movements between the years of 1990 and 2004.  Five glaciers were selected and photographed in the Northwestern and Aailik Bays of the Kenai Fjords National Park of Alaska.  Figure 2.1 show the region of study.  
[image: ]
Figure 2.1  Kenai Fjords National Park, Alaska and the glaciers photographed.  Red circled glaciers are used in this thesis, green circled glaciers were photographed but not used.
 
The 1990 photographs were taken from specific coordinates on the water throughout the Kenai Fjords National Park.  I duplicated these photographs by lining up boat trips through Kenai Fjords Tour Company to take me to the specific coordinates.  Once the boat reached the exact latitude and longitudes, I took numerous photographs to ensure a clear and usable photograph to replicate the ones taken in 1990.  The data on each glacier’s 1990 photograph can be found in Appendix A and B.  
Through the help of the National Park Service, I was able to acquire the 1990 photographs and compare them to the ones I had taken and developed.  Glacial movements were detected by comparing rock to ice contrasts in the two sets of photographs.  In order to display the relationship between Earth’s regional climate variations and the difference it causes in alpine glacial movements, two other sets of lower latitudinal glacier photographs were used.  A catalog of the selected glacial photographs and comparisons can be found in Chapter 4.
The photogrammetric comparisons were then used to corroborate the differences between the movements and mechanics of alpine and tidewater glaciers.  Further literary research was then done on glacial mechanics to understand the varied advancing and receding movements of the different types of glaciers.  To fully understand the dynamics and processes of tidewater glaciers, I examined the field work done on Columbia and Hubbard Glaciers in Alaska. 
Part II.  Error Analysis
There were several problems encountered when constructing this thesis.  First of all, all the photographs taken by myself were taken by boat.  Getting directly to the specific latitudes and longitudes was not simple.  Due to iceberg flow we had to take certain routes and get as close as we possible could.  Also, the boat trips I went on were wilderness tours so pleasing the tourists was first priority.  This may have only affected one or two of my photographs because a whale or seal would surface and the boat had to head in their direction causing slight discrepancies in the coordinate duplication.  This is evident in a few of the photographs I took.  When my coordinates were slightly off, this would give a different angle at the glacier which could make certain parts of the glacial ice more or less visible.  Third, when I reached the specific location to duplicate the photograph, I was clueless as to how much I should zoom in on the glacier.  In hopes of solving this problem, I took a number of photographs of each glacier at 3 to 4 different zoom lengths.  Still, it is evident when observing the photographs that some are at different zoom lengths.  Another problem encountered when researching the movements of tidewater glaciers was that the dynamics are not completely understood (Pfeffen, 2005).  Therefore, there is ample contradictory literature arguing what causes what and why the glaciers move the way they do.  The mechanics used in this thesis are widely accepted and concur with my personal beliefs.  Hopefully tidewater dynamics will be fully understood in years to come so researchers can confidently comprehend their movement.






Chapter 3
Discussion


Part I.  Mountain Glacier Mechanics

Mountain glaciers have climate related movements.  They fluctuate due to long time scale (years-decades-centuries) climate changes as well as to short term (months-seasons-year) climate changes.  From glacial to interglacial, alpine glaciers advance and recede according to the climatic changes.   In terms of seasonal responses, the accumulation to ablation ratio of alpine glaciers fluctuates greatly.  During summer months, or the melting season, ablation of mountain glaciers increases.  An increase in water input to the glacier by means of rainfall and enhanced surface melt induces intensified basal sliding and ablation.  Increase in basal water pressure causes enhance basal sliding which in turn causes longitudinal strain which inhibits crevassing and thinning (Fountain and Walder, 1998).  
During winter months, the decline in temperature certainly plays a role in causing accumulation rates to increase.  The colder temperatures allow snow accumulation to build and compact a reservoir to help balance out the effects of the melting season during the summer months (Fountain and Walder, 1998).  
Change in an alpine glacier’s thickness is the first response to climate related movement.  The thinning or thickening of ice mass does not occur evenly across the glacier.  The most drastic changes occur at the lower elevations in the zone of ablation where temperatures and melting rates are higher.  Smaller changes occur at higher, colder elevations in the zone of accumulation (Valentine, et al., 2004).  An example of this can be seen by the 1950-1994 movement of Exit Glacier.   During the glacier’s retreat, thinning at higher elevations was less than a foot, while thinning at the terminus was recorded on average around 300 feet (Valentine, et al., 2004).
Once a mountain glacier has thinned or thickened, the second movement made by the glacier is the actual change in length.  This is where the terminus position changes.  The 1950-1994 terminus movement of Exit Glacier measured a quarter mile in length (Valentine, et al., 2004).  The following Figure shows a 181 year recession history of Exit Glacier.
  [image: ]
Figure 3.1.  1815 to 1996 movements of Exit Glacier, Alaska (Source:  KFNPS (Tetreau))
 The essential reason why mountain glaciers respond so drastically to the climate change is due to their size and location.  Alpine glaciers are extremely small in comparison to ice sheets and ice fields.  Their surface area, length and thickness contribute a small fraction to the overall ice mass of an ice field or ice sheet.  Mountain glaciers’ smaller size, meaning shorter length, less surface area and minimal thickness all contribute to the glaciers’ high sensitivity to climate.  (Valentine, et al., 2004).  The map of Harding Ice Field in Appendix A displays this fact.  The proportional difference is easily visible.  Mountain glaciers are also often found at lower latitudes in more temperate, sub polar regions of the world.  Glacier National Park in Montana is a widely known region of intensified glacial loss (Hall and Fagre, 2003). The glacial ice loss in this region is extensive and will be discussed in detail in Chapter 4. 
Part II.  Tidewater Glacier Mechanics
Before the mechanisms that control a tidewater glacier are explained, it is necessary to point out that these glacial mechanics discussed are on a very short time scale (days-months-seasons-year).  Calving rates of tidewater glaciers are monitored on a daily basis and the resulting week to monthly movements can be drastic (Valentine, et al., 2004).  Long term time scale (decades-centuries) movements are based on Earth’s climatic condition; meaning whether the planet is in or approaching a glacial or interglacial time period.  Smaller movement factors such as calving and basal sliding are then overlooked because climate takes nearly all control of the glacier’s movements (USGS, 2003B).  However, this thesis is documenting a 14-year movement system of the glaciers monitored.  Therefore, the short-term glacial dynamics are researched.
Due to the fact that tidewater glaciers terminate in the sea or a lake, their interaction with a body of water causes this type of glacier to have significantly different dynamics than a typical terrestrial mountain glacier (Venteris, Whillans, and Van der Veen, 1997).  By interacting with a body of water, a tidewater glacier minimizes climate’s role on the glacier’s movements.  Instead, the primary driving forces for movement have to do with the water depth, fjord geometry, and ice thickness at the terminus (Brown, Meier, and Post 1982).  There is however, one specific incidence when climate triggers tidewater glacial movement on a short term time scale.  This can only occur when the glacier is in perfect equilibrium, where input equals output.  This means that the glaciers accumulation equals its ablation.  When this happens, climate then comes into effect and generally causes the glacier to recede which in turn triggers the glaciers dynamic mechanisms to resume.  As this occurs, non-climatic dynamic influences such as water depth take control of the glacier (Valentine, et al., 2004).
In order to understand the relationship between water depth and the calving process, a common tidewater situation is examined.  As a tidewater glacier advances, it begins to build a terminal moraine shoal by eroding the walls and bedrock surrounding it. This pile of sediment and debris is slowly deposited at the terminus and acts as a support for the snout as well as protection from the melting effect from the warm salt water.  So as the terminal moraine builds, it causes ablation to decrease because less of the glacier is in contact with the warm salt water.  The glacier then continues to push forward because the ablation gradually declines as accumulation resumes (Meier and Post, 1987).  The tidewater glacier slowly advances filling in the basal depression and ultimately reaches a stable position where accumulation equals ablation.  This stage in the calving glacier process can be seen in Figure 3.2 a.  Once equilibrium is reached, the glacier eventually retreats.  The cause of the retreat can be dictated by a few different factors.  On is explained above where the glacier has reached equilibrium and climate comes into affect (Meier and Post, 1987).  Another reason is due to the sediment stability in the terminal moraine.  If a landslide or any instability causes the moraine to lose mass, the contact between the glacier and the warm salt water increases triggering retreat (Crossen, 2005).  The moraine shoal or the remnants of it however, remains pushed out to the glacier’s furthest extent.   Therefore, as the glacier recedes, the frontal snout begins to hang over deeper water.  As the glacier retreats the calving is accelerated due to the increasingly deeper water (Figure 3.2 b).  The rapid retreat is slowed as the water begins to shallow towards the beginning of the basal depression (Figure 3.2 c)(Meier and Post, 1987).  The slow advance stage of the cycle then begins again and can be seen in Figure 3.2 d. 
a.[image: Glacier]      b.[image: Glacier2]
c [image: Glacier3]      d.[image: Glacier4] 
Figure 3.2.  A diagram showing the various stages of the calving glacier cycle (Source:  Prince William Sound Natural History, 2000).

As the rapid retreat is occurring, another tidewater dynamic keeps the glacier in the receding mode.  When a glacier recedes, the actual ice flow velocity increases.  The ice flow velocity is the actual speed of the ice mass moving down-glacier.  Ice flow speeds have two controlling factors.  The first is the amount of mass in the accumulation zone.  For example, an increase in mass in the accumulation zone causes intensified pressure on the rest of the glacier.  This pressure along with the force of gravity pushes down-glacier and accelerates the glaciers ice flow velocity.  The other reason for ice flow speed increase is an increase in the calving rate.  When the calving rate increases, the glacier tries to remain balanced by transporting ice from the glacier’s accumulated reservoir to the lower regions of the glacier (Krimmel, 2001).  In a sense, this stretches the glacier and causes thinning (Krossen, 2005).  Therefore, increases in retreat rates cause increases in ice flow velocities, which cause thinning.  By thinning the glacier, calving rates are allowed to accelerate creating a feedback loop which contributes to the irreversible rapid retreat phase of the calving glacier cycle.    
Columbia Glacier, a tidewater glacier that has been undergoing rapid retreat has been well researched.  The following graphs display the correlation between the rate of retreat, calving speed, and water depth.






[image: ]
Graph 3.1.  The rate of advance is in negative numbers, hence the retreat of Columbia Glacier.
	
	
[image: ]
Graph 3.2.  The increasing calving rate of Columbia Glacier causing rapid retreat.

[image: ]
Graph 3.3.  The decrease in water depth at Columbia Glacier (Source:  Krimmel 2001).

Graph 3.1 shows that the beginning of Columbia Glacier’s retreat occurred around 1980 and slowly accelerated through the next 14 years.  The glacier’s rapid retreat can be explained by Graphs 3.2, and 3.3.  The graphs display the correlation between the water depth and calving rate.  As the water depth increased, Columbia Glacier’s calving rate was amplified resulting in the retreat of the glacier.
Rapid retreat tends to occur when water depths are over 80 meters.  Typically, this is where a maximized amount of the terminus is in contact with the water which serves as a constant source of heat (Meier, et al., 2001).  The retreat slows as water shallows until the glacier again stabilizes and begins to rebuild another moraine (Meier and Post, 1987).
The rate of this cycle of slow advance and rapid retreat depends on the glacier’s size, slope, and location.  Smaller glaciers with a large slope in precipitous regions can go through this cycle on a decadal time scale.  Larger glaciers with a small slope in drier climates can take centuries to complete this cycle (Valentine, et al., 2004).    
Water depth is not the only non-climatic effect influencing the calving of a tidewater glacier.  Another calving control is the fjord geometry.  As fjord width increases, the glaciers calving margin also widens causing instability along the terminus (Mercer, 1961).  Greater longitudinal stress is induced by a spreading of the calving front and therefore causes increases in cracking, crevassing and therefore calving.  The result is an enhanced retreat rate.  Conversely, when a fjord’s geometry narrows, the glacier is embraced within the fjords constraints and stabilizes (Mercer, 1961).
Another non-climatic influence on tidewater calving rates is ice thickness at the terminus.  Curiously, both thin and thick ice can cause increases in calving.  Thicker ice’s weight puts pressure and stress on the glacier front and eventually causes calving (Warren, 1992).  Thinner ice induces calving by causing instabilities at the snout of a glacier.  Specific circumstances are needed for ice thinning to instigate calving.  A situation where this would occur was described in the last paragraph when a fjord widens (Mercer, 1961).  
Through years of research and observations, iceberg production is still not entirely understood (Pfeffen, 2005).  A universal “calving law” has been sought after for decades, but remains enigmatic.  
Part III.  Calving Glacier Cycle in Progress
Columbia Glacier located in the Prince William Sound of Alaska is a well known and highly researched tidewater glacier.  After being reasonably stable for centuries, Columbia Glacier began a slow retreat in the 1970’s which was followed by a much more drastic retreat from the early 1980’s until the present.  In the past quarter century, this glacier’s movements have followed the water depth mechanisms mentioned earlier in Part II of Chapter 3.  Columbia Glacier has proven that its calving instability has caused an irreversible retreat which is expected to continue up the valley as far as 25 kilometers (Pfeffen, 2004).  Figure 3.3 is a diagram displaying this retreat.  
[image: ]
Figure 3.3.  Selected terminus positions of Columbia Glacier from 1980-2000  (Krimmel, 2001).
This process will eventually open up a new fjord (Pfeffen, 2005).  Researchers for the United States Geological Service were studying and modeling the glacier during the very beginning of its retreat back in the mid 1970’s and predicted the rapid retreat that occurred in the early 1980’s (Meier, et al., 1980).  Once the drastic retreat began, Columbia Glacier proceeded to retreat 13 kilometers back up its fjord at rates exceeding several kilometers per year (Van der Veen, 2002).  The Columbia Glacier retreat decreased the glacier’s thickness by 400 meters with a calving rate of 3 to 18 million meters3 per day.  This produced a retreat speed ranging from 5 to 30 meters a day.  Columbia glacier had an ice flow velocity of 2.1 km per year and a total length of 66.5 kilometers during the late 1970’s.  By the year 2000 its length had decreased to 54 kilometers but its ice flow velocity increased to more than 9 kilometers per year, which can be converted to an amazing 25 m per day (Meier,et al., 2001).  However, the correlating calving rate also increased and remained higher than the ice velocity resulting in a retreating glacier. The dynamic process that explains why the increase in ice flow velocity correlates with the increase in the calving rates can be found in Part II. 
Hubbard Glacier in Yakutat Bay, Alaska, is located a few hundred miles away from Columbia Glacier.  Hubbard Glacier is the largest glacier in North America measuring an impressive 123 kilometers with an 11.5 kilometer calving face (Trabant, et al., 2002).  While nearby Columbia Glacier is in recession, Hubbard Glacier is advancing.  As mentioned earlier in Chapter 3, tidewater glaciers go through the slow advance to rapid retreat cycle (Post, 1975).  Hubbard Glacier is currently in the slow advance stage in the process.  The slow advance began in 1895 and has since moved 2.5 kilometers.  The advance began at a slow pace of 16 meters per year followed by an accelerated rate of 32 meters per year from 1948 to 1986.  From 1986 to the present the glacier is moving at 28 meters per year. The ice velocity has been fairly steady ranging from 16.5 to 11.5 meters per day.  In the last 40 years, the glacier has increased its volume by 13 kilometers3 and seen an 80 meter thickening in the lower regions (Trabant, et al., 2002).  Figure 3.4 is a diagram displaying Hubbard Glaciers advance.
[image: fig8]
Figure 3.4.  Selected terminus positions of Hubbard Glacier from 1895-2001 (Source: Trabant, March, and Thomas, 2003). 

The cycle, described by Post (1975) as the calving glacier cycle, can be observed by the movements of Columbia and Hubbard Glaciers.  Fully understanding the cycle and the dynamics involved is a task currently in progress by researchers across the globe.  















Chapter 4
Photogrammetric Analysis and Results

	The first six photogrammetric comparisons are of Sunlight, Southwestern, Ogive, Northwestern and Redstone glaciers in the Kenai Fjords National Park, Alaska.  The next two comparisons are of two drastically retreating glaciers in Glacier National Park, Montana.  They were used in this thesis to emphasize the climate related movements mountain glaciers experience.
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1990
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2004
Figure 4.1.  Sunlight glacier has a fairly small amount of visible mass lost.  The green arrows point to the lower tongue where some significant ice thinning occurred.  It is plausible to expect this part of the glacier to be the first to disintegrate.  The blue arrow shows an ice branch that has disappeared in the past 14 years.
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Figure 4.2.  Photographs of  Southwestern Glacier show multiple areas of ice loss.  Amazingly the tidewater glacier in the bottom left portion of the 1990 photograph has completely vanished in the past 14 years (blue circle).   There is also noticeable thinning all along the middle lower region of the glacier which is indicated by the green arrows.  The very front region just off the water (blue arrows) has experienced evident thinning.
	


The following photogrammetric comparisons are of Anchor and Ogive Glaciers.  Although these two tidewater glaciers are a few hundred meters apart, there movements are quite different.  Anchor Glacier has seen a slight loss in ice mass while Ogive Glacier has accumulated a large addition to its snout.  It is plausible that Ogive Glacier will continue a slow advance and eventually connect with Anchor Glacier forming one tidewater glacier.  
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Figure 4.3. These photographs are of Anchor Glacier.  In the middle left section of the 1990 photograph, red arrows point to a glacial branch of ice that stems down from the upper region to the lower region.  In the 2004 photograph this branch has seen considerable loss.  The green arrows to the right show a portion of the glacier that has undergone significant thinning.  
[image: ]
1990
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2004
Figure 4.4.  These photographs are of Ogive Glacier.  There is substantial thinning in the upper left section of the photograph (red arrows) as well as on the glacial tongue hanging from the right (green arrows) underneath the surrounded rock face.  The most evident feature in the picture is the considerable growth and thickening of the frontal tidewater region of the glacier.  Although the mountainous portions of the glacier are thinning, the tidewater portion is advancing (yellow arrows).  This movement further affirms the non-climatic relationship tidewater glaciers possess.   

Northwestern Glacier is another tidewater glacier with an interesting history.  It has retreated 15 kilometer over the past 90 years (Valentine, et al., 2004).  Today, it sits receded at the back of the bay with multiple rock faces clearly visible.
[image: ]
1990
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2004
Figure 4.5.  These photographs of Northwestern Glacier show a drastic reduction in ice volume (red arrows).  Although the 2004 photograph is zoomed in much more than the 1990 photograph, it is clearly visible that the calving face has been reduced significantly (yellow circle).  Rock faces indicated by the green arrows show conclusive thinning and an overall massive ice volume loss.
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Figure 4.6.  Although the 1990 photograph of Redstone Glacier is of poor quality, a loss of glacial ice mass is apparent in the lower regions of the glacier (red arrows).  The 2004 photograph also has a highly visible ELA on the left section of the glacier (green circle).

On the mountain glaciers in Figures 4.1, 4.1, and 4.6 and the mountainous regions in Figures 4.3, 4.4 and 4.5, it is clearly visible that the outer and lower regions experienced the most excessive thinning.  It can also be assumed that all of the glaciers’ perimeters have thinned over the 14 year span, although some thinning is difficult to observe from the photographs.  From what is observable from the photogrammetric comparison, the mountain glaciers saw an overall reduction in ice.  This was apparent due to thinning and visible rock faces.  The tidewater glaciers were moving to their own geophysical rhythm.  While Ogive Glacier had a bit of an advance on the right portion of the glacier, Northwestern Glacier experienced a drastic retreat with a severe ice volume reduction.  The photographs further support the fact that mountain glaciers have a climate based relationship while tidewater glaciers move according to other dynamic systems.
The glaciers I researched for this thesis were located at or around the 59th latitude.  There reactions to the climatic changes in the past 15 years were rather minor compared to some glaciers at lower latitudes.  Glacier National Park is on the 48th latitude and the climate changes have highly affected the glaciers of this region (USGS, 2003A).  This particular area used to have approximately 150 glaciers before 1850 (Hall and Fagre, 2003).  Today the park is down to 37 glaciers, all of which are in the receding process.  Of the 37 existing glaciers, only 5 of them remain in a range of 1.0 - 1.5 square kilometers (USGS, 2003A).  Grinnel Glacier is located in Glacier National Park and is one of the example glaciers used to display the effect the climate is having on mountain glaciers.  Figure 4.7 is a photogrammetric comparison of this glacier.
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Figure 4.7.  Grinnel Glacier in Glacier National Park, Montana has seen extensive ice volume loss as seen here.  The first photograph was taken in 1938.  The following photograph was taken 43 years later and the climatic response is quite evident.  The red arrows indicate rock faces now visible and the yellow perimeter displays a glacial lake that was formed from the disappearing glacier (source:  Hall and Fagre 2003).

	Another glacier that demonstrates the drastic ice volume loss in Glacier National Park is Boulder Glacier.  The photographs in Figure 4.8 show this amazing ice reduction.
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Figure 4.8.  The drastic 55 year ice volume loss at Boulder Glacier in Glacier National Park.  The photographs were taken in 1932 and 1988 (source:  Hall and Fagre 2003).

	Although the photogrammetric comparisons of the glaciers in Montana are taken on 43 and 55 year timescales, their intense ice volume loss is clearly perceptible.  My comparisons are on a 14 year timescale, and the magnitude of the ice reduction is on a much lower scale.  The differences observed in the two regions prove that there are regional variations when comparing effects of climate changes.
	Reasoning for the lower latitude glaciers to be so highly affected by climate changes is because latitudes closer to the equator experience a surplus of energy.  The surplus is due to the fact that incoming radiation exceeds outgoing.  The ratio of incoming versus outgoing radiation decreases as latitudes increase toward the poles.  At higher latitudes there is actually more outgoing energy than incoming yielding a net loss (Jackson and Broccoli, 2003).  Global circulation balances out this energy difference and keeps the Earth’s latitudinal regions from seeing drastic warming and cooling.  The planet’s circulation movements of air and ocean currents cause a more balanced energy budget.  Energy levels, however, are higher at lower latitudes and decrease pole ward causing the regional variations in climate change (Jackson and Broccoli, 2003).


















Chapter 5
Conclusion

The photogrammetric analyses along with a comprehension of how glacial mechanics work evince the differing dynamics of mountain and tidewater glaciers.  Nearly every mountain glacier and the mountainous regions of tidewater glaciers experienced some visible ice loss.  The tidewater glaciers photographed saw both retreats and advances.  Along with the study of Columbia and Hubbard Glaciers, it is apparent that tidewater glaciers primarily move according to their dynamic mechanisms.  
Mountain glaciers clearly demonstrate climate related movements.  With the 1o C global temperature increase in the past century, the Earth’s mountain glacier reservoir is slowly vanishing.  Although the speeds of the retreats vary according to their regional placement on the globe, mountain glaciers are seeing an overall reduction in ice volume (Hall and Fagre, 2003).  Since alpine glaciers have an increased sensitivity to climate change, it is conclusive that they should be the focus of short term climate change.  Their movements can give researchers insight on the current fluctuations of Earth’s climate. 
Tidewater glacial mechanisms for movement are not completely understood.  It is, however, widely accepted that their short term time scale movements are predominately related to the dynamics of the glacier, rather than the climate.  Research is constant and several processes, such as the slow advance to rapid retreat cycle are becoming known and accepted.  Relationships between calving rates and water depth, fjord geometry and ice thickness are being investigated and inferential conclusions are developing. 










































Appendix A
Glacier Names, Location, Latitude, Longitude, and Bearing
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Appendix B
Glacier Name, Date, Weather, and Observer
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