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ABSTRACT

An abstract of the thesis of Frank D. Granshaw for the Master of Science in Geology 

presented December 7, 2001.

Title: Glacier Change in the North Cascades National Park Complex, Washington 

State USA, 1958 to 1998

The North Cascades National Park Complex contains 25% of the glaciers of the 

contiguous United States.  In addition to their ecological and scenic value, these glaciers 

are a major water resource for northwestern Washington.  Despite their importance, little 

information about glacier change in the complex exists.  To address this problem an 

inventory of all glaciers in the complex was constructed for 1958 and for 1998.  Data 

from this inventory, regional climate data, and streamflows for selected watersheds were 

used to determine the extent of glacier change, the causes of that change, and the impact 

of glacier change on regional water resources.

From 1958 to 1998 the glacier population of the complex dropped from 321 to 

316 and combined glacier area decreased by 7.0%.  Total glacier volume loss is 

estimated at -0.8±0.1 km3.   This reduction resulted from the disappearance of five small 

glaciers and mass loss from 80% of the remaining glaciers.  This change was due to a 

warming, drying trend in regional climate, particularly during the period 1977-1997.    

Rates of change for individual glaciers were primarily influenced by area, but unaffected 

by other topographic characteristics.   During the period 1958-1998, glacier mass loss 

contributed less than 1.0 km3 to the total stream flow of the Skagit, Nooksak, and 

Stehekin Rivers.  Though this contribution may seem insignificant, average annual 

glacier mass loss accounts for 0.1 to 6.0% of the runoff during the two driest months of 

the year, August and September.  Alternately, average mass loss augments precipitation 

by as much as 16%.



A comparison of the topographic characteristics of five regularly monitored or 

“index” glaciers to the regional database revealed that only one of these glaciers, 

Sandalee Glacier, is representative of the typical glacier in the complex.  The changes in 

the index glaciers to area / volume changes in the bulk of the glaciers show that index 

glaciers can not be used to accurately infer the magnitude of the regional change in 

glacier cover.  However, the index glaciers can be used to infer the rate of change over 

time.
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Chapter 1 - Introduction 

Alpine glaciers make up less than 3% of the earth’s ice cover.  Yet, despite their 

spatial insignificance, the mass loss of small glaciers accounts for approximately 20 to 

50% of the 10-15 cm rise in sea level  that took place during the last century (Dyurgerov 

and Meier, 1997; Kuhn, 1993; Meier and Bahr, 1996, Oerlemans and Fortuin, 1992).  

Furthermore, small glaciers are highly sensitive to changes in temperature and 

precipitation (Meier, 1984; Oerlemans et al. 1998), making them important indicators of 

regional climate change.  Volume loss of alpine glaciers produces changes in the area 

and distribution of alpine and subalpine biological communities (Hall, 1994).  Variations 

in glacier mass affect stream flow volume and timing which in turn affect hydroelectric 

power production, irrigation, and domestic water supplies (Post et al., 1971, Tangborn, 

1980; Østrem, 1991).  Consequently, the monitoring of alpine glaciers is an important 

component of resource planning and climate change evaluation.

My research area is the North Cascades National Park Complex,  which contains 

approximately one quarter of the glaciers in the contiguous United States (Meier, 1961).  

Because of this large population, glaciers play a significant role in the hydrology, 

ecology, and economy of both the complex and of northwestern Washington.  For 

instance, two of the three major watersheds in the complex, Skagit and Stehekin Rivers,  

contain five hydroelectric facilities providing power for Seattle, Tacoma, and Chelan, 

Washington. The production cycle of these facilities is highly dependent on the timing 

and volume of stream flow which is in turn influenced by patterns of snow and ice melt 

(Tangborn, 1980b).  Furthermore, the National Park Complex is visited by over 600,000 

tourists annually (Riedel, U.S. National Park Service, personal communication, 2001).  

Since the glaciers are a major feature within the complex they are important to the 

recreational economy of the region. Finally, significant portions of the complex are 

alpine and subalpine ecosystems which are dependent on the water flow from these 

glaciers. Thus, the loss of glacier mass would have a strong impact on the biological 

character of much of the complex (Hall, 1994).
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Project Description

The aim of this thesis is to determine the extent of glacier change within the North 

Cascades National Park Complex.  An updated glacier inventory would contribute to the 

growing database of global glacial change being assembled by the World Glacier 

Monitoring Service.  The specific goals of this project are:

1. Define the population and area of glaciers in the North Cascades National Park 

complex in 1958 and 1998, and the areal and volume changes that took place 

between those two years.   

2. Determine whether the changes of the regional benchmark glacier (South Cascade) 

and four “indicator” glaciers inside the complex reliably represent change in the 

general glacier population of the complex.

3. Calculate the contribution of glacier volume loss to regional stream flow.

4. Examine the relationship between glacier volume changes and climatic changes 

during the 1958-1998 period.

Previous work

Techniques for Glacier Monitoring

Glacier monitoring includes mapping and measuring the characteristics of 

individual glaciers as well as mapping and cataloging groups of glaciers with the aim of 

determining glacier change over time (Fountain et al., 1997).  Glacier monitoring has 

been conducted in some form since the early 1700’s (Østrem and Haakenson, 1993).  

The earliest of these studies were limited to recording changes in the terminal position of 

a few glaciers.  Up until recent times glacier monitoring was difficult because of the 

inaccessibility of many glaciered areas.  With the advent of aerial photography it became 

feasible to construct comprehensive maps and database for regions with glaciers (glacier 

inventories). By the 1980’s the rapid development of satellite imaging, geographic 

information systems, computer technology, and global positioning systems made it 

possible to compile detailed inventories relatively quickly.
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Glacier monitoring typically involves ground-based measurements, aerial 

reconnaissance, and satellite imaging.  Ground-based measurements include surveying 

termini positions, glacier topography, and mass balance (Østrem and Brugman, 1991; 

Haeberli et al., 1989; Ommanney, 1970).  Aerial reconnaissance consists of taken 

oblique and vertical photographs usually during late summer when snow lines reach their 

highest altitudes revealing the maximum extent of perennial ice.  Oblique photography is 

often taken without precise positional information so the quantitative information from 

this imagery is often quite limited. However, when used in conjunction with detailed 

topographic maps, changes in the position of major glacial features can be re-mapped in 

relation to stable bedrock or other non ice features  (LaChapelle, 1962).  Vertical aerial 

photography with ground control, on the other hand, provides a quantitative base for 

accurate mapping of surface features.  Increasingly, aircraft based laser altimetry  (Favey 

et al, 1999; Echelmeyer et al. 1996) and LIDAR (Krabil et al., 1995) is being used to 

rapidly construct topographic profiles and maps of glacier surfaces.     

Satellite imagery used in glacier monitoring includes both multi spectral and 

radar imaging (Williams and Halls, 1998; Sidjak and Wheate, 1999;  Li et al., 1998; 

Williams, 1987; Champoux & Ommanny, 1986) .  Because of its high altitude, a satellite 

can image a large section of the earth’s surface in a single image.  Furthermore, the 

image is coded in such a way that the image can be digitally manipulated to extract 

geospatial information (Campbell, 1996).  The primary limitation to using satellite 

imagery to analyze long-term glacier changes is the lack of systematic and repetitive data 

acquisition.  Furthermore the current cost of satellite data limits the amount of data that 

can be acquired and archived (Williams, 1991).

Geographic information system (GIS) technology is a useful tool for compiling 

glacier data.  Glacier maps can be digitally linked to extensive databases containing 

spatial and nonspatial glacier information including descriptions of map or data quality 

(metadata).  Once in a GIS, digital maps of different information can be manipulated to 

derive additional information, such as glacier orientation, population, and total glacier area 

of selected watersheds.
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Glacier monitoring on the global scale

Worldwide collection of information on glacier change was begun in 1894 with the 

formation of the International Glacier Commission at the 6th International Geological 

Congress in Zurich, Switzerland.  Eventually the commission was replaced with the 

World Glacier Monitoring Service (WGMS),  under the auspices of the International 

Commission on Snow and Ice and the Federation of Astronomical and Geophysical Data 

Analysis Services under UNESCO.   The tasks of the WGMS are to (1) collect and 

publish data on glacier fluctuations every five years, (2) to complete and continuously 

upgrade an inventory of the earth’s glaciers, (3) to publish data from selected reference 

glaciers every two years, (4) to produce global coverage of the earth’s glaciers using 

satellite imagery, and (5) periodically access global glacier change  (Haeberli and 

Hoelzle, 2000).   The current World Glacier Inventory (WGI) was first published in 

1989 and includes data on 67,000 glaciers.  The inventory is a compilation of data from 

80+ separate inventories from every continent, as well as satellite imagery collected since 

the late 1970’s . WGMS has also collected and published data from several hundred 

reference glaciers to produce a picture of glacier fluctuations for 1959 to 1990  (Haeberli 

et al. 1989). 

Haeberli and others argue that nearly a century of systematic observations clearly 

demonstrate shrinkage of mountain glaciers on a planetary scale (Haeberli, 2000, 

Dyurgerov and Meier, 2000).  Examination of the contribution of mass loss from small 

glaciers to global sea level suggest that the total volume of small glaciers may have 

decreased between 8 and 11% between 1900 and 1961 (Kuhn,1993; Meier and Bahr, 

1996).  Though there have been brief periods of advances,  the rate of shrinkage appears 

to have accelerated toward the end of the twentieth century (Dyurgerov and Meier, 2000).  

For instance in the European Alps, alpine glacier volume dropped 50% between 1850 

and and the mid 1970’s.  However, between 1980 and 1990 20% of the ice remaining in 

1980 melted (Haeberlie and Hoezle, 1995).  Based on current trends Meier (1984) 

estimated that a rise in global air temperature of 1.5 to 4.5°C could increase the annual 

rate of glacier wastage  4 to 11 times the average rate from the twentieth century.  
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  One difficulty with estimating and predicting glacier change is that these 

projections are frequently based on detailed observations from a small number of the 

world’s 36,000 glaciers (Haeberli et al., 1989).  As an example, Meier and Dyurgerov 

(2000) examined global glacier change for 1960-1999 using a network of only 260 

glaciers.  In addition to the small sample size, analysis was further complicated by the 

extremely variable behavior of the individual glaciers.  For instance, seven glaciers in 

North America, Europe, and Asia showed significant losses, while glaciers in Scandinavia 

and the Alps actually gained mass (Dyurgerov and Meier, 2000).  These difficulties 

indicate a strong need for a regional analysis of glacier change to test the practice of 

estimating global glacier change using observed changes from individual glaciers.

Glacier monitoring in the United States

In the first half of the twentieth century glacier monitoring was largely nonexistent 

in the United States.  By the beginning of the twenty-first century, limited monitoring 

programs were in place throughout the western United States (Fountain et al., 1997).  In 

Washington State alone (Meier 1961) there are eight glacier inventories that are 

completed or in process for Mt. Rainier (Mennis, 1997; Nylen, in process), the Olympic 

Range (Spicer, 1986 ), Mt. Adams and Mt. St. Helens (Pinotti, in process), and the North 

Cascades (Meier, 1961;  Post et al. 1971; this thesis).   Likewise, regular measurement of 

terminus position or mass balance has taken place on Mt. Rainier, Blue Glacier in the 

Olympic Range, and fifty-two glaciers in the North Cascades.  Similar monitoring has 

been done done in California, Wyoming, Montana, Colorado, Oregon, and Alaska 

(Haeberli et al., 1986).    

To provide a structure for glacier monitoring in the United States, the U.S. 

Geological Survey (Fountain et al., 1997) proposed a three tiered program for glacier 

monitoring to improve the accuracy of glacier monitoring in a cost-effective way.  For 

instance the cost of any regional monitoring program is greatly reduced by intensively 

monitoring only a few glaciers and using the data to estimate regional glacier glacier 

change.   Likewise the accuracy of these estimates is improved by comparing the data to 
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less detailed information for the entire region. In the first tier of the program, single 

glaciers within major glaciered regions in the United States are regularly monitored.    

These glaciers, called “benchmark” glaciers, are selected for their similarity to other 

glaciers in the region, ease of access, and extent of previous information.  Measurements 

taken at benchmark glaciers include detailed measurement of mass balance, stream flow,  

and climate.  The benchmark glacier for the North Cascades Range is South Cascade 

Glacier, which has been monitored since 1958.  Tier 2 glaciers, or “secondary” glaciers, 

are limited to annual measures of mass balance and terminus position.   The U.S. 

National Park Service has been monitoring four such glaciers in the North Cascades 

since 1993 - Sandalee, North Klawatti, Silver Creek, and Noisy Creek glaciers.  The final 

tier proposed by Fountain et al.(1997) is the intermittent monitoring of areal changes for 

all of the glaciers in a region by aerial photography and satellite imaging.  The Post et al. 

(1971) inventory and the work described in this report depend heavily on this approach.  

Glacier monitoring in the North Cascades

Because of the difficulty of travel in the North Cascades, very few of the glaciers 

in the region have been monitored on a regular basis.  The first official report on the 

glaciers of North America (Russell, 1885) mentions glaciers on the volcanic peaks of the 

Cascade Range, but none in the North Cascades.  Russell later corrected this omission 

by including in his 1897 report the statement that “some glaciers (are found) in the non- 

volcanic mountains of the North”, but he did not list specific glaciers.  However, it was 

not until the mid-twentieth century that systematic surveys of glacier change were 

initiated (Hubley, 1956; LaChapelle, 1962).

Before this thesis, there were only two inventories of glaciers in the North 

Cascades.  The first is a census of glaciers in the contiguous United States (Meier, 

1961), that lists 519 glaciers in the entire North Cascades Range.   Because of the scope 

of that project, its listing of glaciers in the North Cascades was incomplete.  The second  

inventory (Post et al.,1971) listed and described all ice masses in the North Cascades 
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Range that were larger than 0.1 km2.  The report included 756 glaciers having a 

combined area of 267 km2.   It also included analyses of the hydrologic significance and 

spatial characteristics of these glaciers.   In part, this thesis is an update to the Post et al. 

(1971) inventory.  Like this earlier work it is a census of ice masses larger than 0.1 km2  

and an analysis of glacier spatial characteristics and hydrologic significance.  Unlike 

Post et al. (1971) it looks at glacier change while discussing the climatic and spatial 

factors causing that change as well as the impact of that change on regional stream flow.

Any analysis of glacier change in the North Cascades must look at data available 

from regularly monitored glaciers.  The only glacier in the region having a detailed long 

term record is South Cascade Glacier which is located southwest of the National Park 

Complex.  The glacier has been monitored every year since 1958 by the U.S. Geological 

Survey.  Reports generated by this program (Meier, 1964; Meier et. al., 1971; Meier and 

Tangborn, 1965; Tangborn et al.,1977; Krimmel, 1993, 1994, 1995, 1996, 1997, 1998, 

1999, 2000) include data for seasonal and annual mass balance, local climate, and stream 

flow from South Cascade Basin.  Other monitoring programs in the region have included 

mapping changes in glacier termini on Mt. Baker (Harrison, 1970; Harper 1992) and 

measuring terminus positions and net mass balance on 47 other glaciers spread 

throughout the range (Pelto, 1988).   More recently, in 1993, the US National Park 

Service began a program of annually monitoring four glaciers in the National Park 

Complex for seasonal and annual mass balance, local climate, and doing subglacial 

topographic surveys (Riedel et al., 1997).   

Significant glacier retreat is a consistent theme derived from all of these 

programs.  These results have frequently been used to determine the extent of glacier 

change for the entire region.  Only South Cascade Glacier has a long term record, 

estimates of long term regional glacier change have been inferred from trends for that 

single glacier.  By looking at area and volume changes for every glacier in a selected area, 

this thesis examines the validity of this procedure and makes recommendations for using 

the results from monitoring individual glaciers to better estimate regional change.
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Setting

General description

The North Cascades National Park Complex is located in the northern half of the 

North Cascades (Fig. 1.1), and is administered by the US National Park Service. The 

complex consists of three different administrative districts that include the North 

Cascades National Park, Ross Lake National Recreation Area, and Lake Chelan National 

Recreation Area.  The National Park is largely undeveloped wilderness, while the two 

National Recreation areas contain several small towns, major roads, four hydroelectric 

plants, and a major power transmission network.  This topography is characterized by 

steep relief, dense forest cover at low to middle elevations, and considerable exposed 

rock, snow, and glacier ice in the upper elevations.  The complex covers an area of 2757 

km2 located between 120°33’ W / 48°14’N and 121°39’W / 49°N.  It  straddles the 

crest of the North Cascades and ranges in altitude from less than 100 to over 2800 

meters (Becky, 1995a, 1995b).

The northern park unit extends from the Canadian border to the Skagit River.  It 

is bounded on the east by Ross lake and extends westward to Mt. Shuksan and Baker 

Lake.   This area is a series of glacially carved valleys having significant relief.  The 

floors and lower walls of the valleys are covered with dense evergreen forest that give 

way to subalpine vegetation at  approximately 1300 meters.  The upper valley walls are a 

collection of cirques and hanging valleys that contain small lakes, glaciers, or perennial 

snow fields.  Razor like  ridges separate the valleys from one another.  Large clusters of 

glaciers appear on the slopes of eight peaks, most notably Mt. Shuksan and Mt. 

Redoubt.  Another major cluster is located on the crest of the Picket Range situated in the 

center of the northern unit.  

The Ross Lake / Skagit River valley is a glacial trough that trends south along the 

eastern edge of the complex before turning west between the two park units.  The entire 

corridor is the merger of two large glacial valleys formed during the late Pleistocene 

(Waitt, 1977).  Ross Lake lies north of Ross Dam and extends a few kilometers into 
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Canada. This lake was formed by the construction of Ross Dam which flooded the 

Upper Skagit River up to the Canadian Border.  West of Ross Dam, the Skagit River is 

again impounded by a hydroelectric dam forming Diablo lake.  After passing Diablo 

Dam, the Skagit flows unobstructed into the Puget Sound. 

The southern park unit excluding the Stehekin River basin is bordered on the 

north by the Skagit River and to the south by the Cascade divide.  It is similar to the 

north unit in that it consists of a network of densely forested glacial valleys fringed by 

glacier clad peaks.  One of the largest of these valleys, Thunder Creek, has over 12% of 

its total area covered by glaciers ( Fountain and Tangborn, 1985) and contains the largest 

glaciers in the North Cascades.   All the streams in this part of the unit  flow northward 

in the Skagit River.  

The Lake Chelan / Stehekin River basin is located east of the Pacific Crest.  The 

centerpiece of the basin is a deep post glacial valley fringed by heavily forested 

mountains and glaciered peaks reaching over 2800 meters.  Eight major streams drain 

into the Stehekin river, which eventually empties into Lake Chelan near the town of 

Stehekin, Washington.  Lake Chelan, a natural lake formed by morainal damming of a 

glacial trough, extends some 80 kilometers southwest of Stehekin. 

Geology

Bedrock in the complex consists almost exclusively of Mesozoic and Paleozoic 

metamorphic, intrusive, and sedimentary rock of the Western, Metamorphic Core, and 

Methow domains (Tabor et al., 1989).  The structure of the rock underlying the complex 

is dominated by two north and northwest trending fault systems  (Tabor et al., 1989; 

Tabor and Haugerud, 1999).  These two systems, the Straight Creek Fault and the Ross 

Lake Fault System lie at boundaries of the three rock domains.  Several smaller faults 

intersect these systems at oblique to nearly right angles clearly appear in aerial 

photographs of exposed rock adjacent to glaciers. 
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Figure 1.1 - Location of study site, glaciered mountain ranges, and glaciers in 
Washington State.   Glaciers appear as gray areas located in each of the mountain 
ranges.
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Between 800 thousand years ago and the present there were four major glaciations 

in Western North America (Driedger and Kennard, 1984; Easterbrook, 1986).  These 

glaciations played a significant role in shaping the topography of the North Cascades.  

During the Pleistocene, North Cascade alpine glaciers frequently expanded until they 

coalesced with the Cordilleran Ice Sheet.  The advancing glaciers which formed in 

preexisting stream valleys, eroded the valleys into deep U-shaped troughs.  At the same 

time, up glacier erosion produced a complex system of arêtes, horns, and cirques.  In 

several instances, glaciers altered the course of major streams (Waitte, 1977).  Between 

10 ka and the present, glacier advances occurred at ~7 ka, 2-3 ka, and during the last 700 

years (Easterbrook, 1986).  The last of these periods, known as the Little Ice Age, ended 

in the late 19th century.

 

Climate

  Three principal factors shaping the climate of the North Cascades are location, 

regional air flow, and  topography: The latitude of the North Cascades and their 

proximity to Pacific Ocean are responsible for seasonal variations in regional 

temperature and precipitation.  Because the range is located in the northern mid latitudes 

it experiences regular changes in insolation and is affected by fluctuations in the position 

of the northern polar front.  The Pacific ocean moderates temperatures in the region, 

while providing it with an ample supply of moisture.  Average total annual precipitation 

in the complex ranges from 120 to 325 cm,  with the greatest amounts falling in the high 

mountains and the lowest values recorded in the low lying valleys and east of the 

Cascade divide (Post et al., 1971).  Likewise, snowfall is highest in the upper elevations, 

giving the complex a range of less than 5 to over 10 m for average total annual snowfall.  

(Jackson, 1985) .

Throughout the year, prevailing westerly winds bring significant amounts of 

marine air into the Pacific Northwest.  During winter,  a semi-permanent low pressure, 

the Aleutian Low, resides over the North Pacific, while a semi-permanent high pressure 

center lies to the southwest of California (Fig. 1.2).  This causes air from the Pacific to 
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flow from the southwest over Washington State (Jackson 1985).  When this cool, moist 

marine air meets colder, drier continental air, cyclonic storms are produced that move 

eastward over the Northwest.  During summer, the Aleutian low dissipates, while the high 

pressure center migrates northwest to settle over the central North Pacific.  As a result, air 

flow into Washington, changes direction flowing from the Northwest.  The oncoming 

cool, yet drier marine air flow contributes to mild summer temperatures  west of the 

Cascades with a marked decrease in precipitation (Jackson, 1985).

H

H

H

L

January July

Figure 1.2 - Generalized air flow over the Pacific Northwest for January and July.  
The rectangle in the upper right quadrant of each frame marks the location of the 
National Park Complex.  The Aleutian Low appears in the northwest quadrant of the 
January air flow map (After Jackson, 1985)

Marine air approaching the North Cascades flows around or over the Olympic 

Range (Mass 1985; Mass et al. 1986).   Air that flows over the Olympics loses some its 

moisture due to orographic lifting, while that which flows around the range arrives in the 

Puget Sound retaining much of its original moisture.   Upon leaving the Puget Sound 

this air is again forced upward, this time over the North Cascades, producing the heavy 

cloud cover and precipitation that is a hallmark of the range (Fig. 1.3).    Because of the 

high relief and the north south orientation of the range, precipitation is significantly 

greater in the upper elevations and greatest on the west side of the mountains. 

Additionally, the relief of the range creates large spatial variations in temperature that 
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occur over a short distance.  As a result, storms throughout much of the year deposit 

significant amounts of rain in the lowlands and snow at  higher altitudes.    
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Figure 1.3 - Generalized air flow through northwestern Washington state.  
The arrows on the map above show typical air flow (after Mass, 1981).  The 
black arrows represent air rising over the Olympic and North Cascades range.  
White areas are above 300 m, while gray areas lie below this elevation.  The 
profile at the bottom of this figure shows air flow in cross section.

Hydrology

The park complex contains portions of four major watersheds, the Skagit, 

Stehekin, Nooksak, and Cascade Rivers.  Since maximum snow accumulation sometimes 

exceeds 10 m (Rassmussen and Tangborn, 1976a, 1976b) and nearly  4% (118 km2) of 

the total area of the complex is covered by glaciers (Post et al., 1971), snow and ice melt 

are major contributors to regional stream flow.  This conclusion is supported by the fact 

that average monthly discharge is highest during May through July when precipitation is 

lowest and air temperature is highest (Fig. 1.4).  The role of groundwater in the 

hydrology of the region is poorly understood since no groundwater studies have been 
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found for the area.  However,  the presence of a significant fault system and extremely 

visible jointing in bedrock  (Tabor and Haugerud, 1999) suggests that groundwater flow 

could be important.

Oct Nov Feb Jun Jul Aug Sep

Beginning of snowmelt

Discharge

Precipitation

Figure 1.4 - Average daily discharge for the Skagit River and average monthly 
precipitation at Newhalem, Washington.
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Chapter 2

Spatial characteristics of National Park Complex glaciers

A foundation for this study is the glacier inventory of the North Cascades 

compiled by Post et. al. (1971).  The authors cataloged all of the glaciers in the North 

Cascades Range south of the U.S. /Canadian border.   In so doing, they provided insight 

into the relationship between glaciers and climate and the role of glaciers in the 

hydrology of the region.  However, because of a lack of prior information on glacier 

spatial characteristics, they could not quantify either glacier change or the impact of that 

change.   By updating this inventory, I aim to quantify glacier change and the impact of 

that change on streamflow.  Three specific questions that were asked in doing this are:  

1. What was the population, area, volume, and principle characteristics of glaciers 

found in the complex in 1958 and 1998?

2. How did the population, area, and volume of these glaciers change between, 1958 

and 1998?

3. How did the size, orientation, elevation, debris cover, and terminus condition of a 

glacier influence rates of change for individual glaciers?  

Regional glacier characteristics

Post et al. (1971) identified, mapped, analyzed, and described all of the glaciers in 

the North Cascades Range during the late, 1950s. They used both vertical and oblique 

aerial photography taken during late summer, and planimetric maps produced by the 

U.S. Forest Service to create a catalog of characteristics and map of glacier cover of the 

entire range.  The catalog includes area, length, average elevation, location (latitude 

/longitude), and type for each glacier based on a modified version of a glacier inventory 

guide recommended by the International Commission on Snow and Ice (UNESCO 

/IASH, 1970).

In my study, I reexamined the characteristics of all glaciers in the national park 
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complex (Fig. 2.1) by constructing digital maps of these glaciers for both 1958 and 

1998.  Like Post et al. (1971) glacier maps were used to determine area, volume, slope, 

orientation, and elevation for each glacier in the region.  Unlike their work, I calculated 

glacier change and analyzed climatic and topographic factors producing this change.   

Furthermore, the use of GIS technology and digital data derived from larger scale maps 

produced an inventory having greater numerical detail than Post et al. (1971).  The digital 

maps were created for both 1958 and 1998 using GIS software ArcView 3.1 for 

Windows (ESRI) and MFworks 2.6 for MacOS (Thinkspace Inc.).  These maps were 

produced using digitized glacier outlines and topography, as well as vertical aerial 

photography. 

The 1958 glacier layer was produced by converting digitized outlines of snow 

and ice into an ArcView data format called a shape file.  These outlines were digitized 

from USGS 1:24,000 topographic maps by National Park Service staff.   Since Post et 

al. (1971) were regarded as the authorities on North Cascade glacier cover in 1958, the 

shape file was compared to paper maps used by Post et al. (1971).  Features in the file 

that also appeared in their maps were tagged with names and hydrologic ID codes.  

Features that did not appear in the inventory were deleted from the shape file.  This and 

other map layers (streams and lakes, administrative boundaries, elevation contours, and 

physical relief) were assembled into a digital map collection.  These additional layers 

were used to construct the 1998 layer and do analysis of glacier characteristics and 

change.  

The 1998 map was produced by creating and altering a copy of the 1958 layer to 

show 1998 glacier extents.  This was done by first superimposing the copy onto a 

shaded relief map generated from 30 meter Digital Elevation Models (DEMs).  The 

boundaries of each glacier were than moved to their 1998 positions using stable non-ice 

features appearing in both the 1998 aerial photography and the digital relief map as 

reference marks.   LaChapelle (1962), after using a similar method to map boundaries for 

glaciers in the North Cascades and Olympic Ranges of Washington, claimed that glacier 

changes could be determined with an accuracy of 10% where good maps exist.
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Figure 2.1 - Distribution of glaciers in and major administrative units of North 
Cascade National Park National Park Complex.
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Besides being used to calculate area and area change, the 1958 and 1998 digital 

maps were utilized to investigate the relationship between selected glacier characteristics.  

The primary reason for doing so was to determine the impact of topography on glacier 

distribution and change.   Three such characteristics, average elevation, orientation and 

slope, were calculated for every glacier in the park complex using the digital glacier maps 

and a 30 meter DEM of the complex.  Glacier areas were automatically calculated by 

ArcView.   Average elevation, orientation, and slope were determined using a raster based 

GIS (MFworks) to create maps of each characteristic.  Maps of average glacier elevation 

were produced by performing a score operation on the DEM.   This operation 

determines the average, maximum, or minimum value of all the cells within a selected 

region of the map(Thinkspace, 1998).  The glacier boundaries were used to select the 

regions of the DEM being averaged.  Maps of average slope were constructed by 

conducting a grade operation on the DEM and then averaging the slope values for each 

glacier using the score operation and the glacier maps. A grade operation calculates the 

slope of each cell in a DEM by calculating the slopes of lines that run through the cell 

from neighboring cells and averaging them (Thinkspace, 1998).   Finally, glacier 

orientation maps was created by performing an orient operation on the DEM and then 

using the score operation to average the orientation values for each glacier.  The orient 

operation uses elevation data to produce a map where the value in each cell represents the 

surface orientation of that cell.   Cell orientation is calculated using elevation differences 

between the cell and its neighbors  (Thinkspace, 1998).     Elevation, orientation, and 

slope were derived for 1958, but not 1998, since topographic data is complete only for 

1958.    These values, as well individual glacier areas were exported from the tables 

accompanying each map into a single Excel 2000 spreadsheet to create a glacier catalog 

for the entire complex.

Debris cover for 1998 and terminus condition for 1958 and 1998 were also 

determined for each glacier.  Debris cover, the percentage of each glacier covered by rock 

was estimated using the 1998 air photos.    Terminus condition, the distance of glacier 

termini from a lake into which it may once have calved, was determined by using 
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ArcView to select glaciers within 0.1, 0.2, 0.3, 0.4, and 0.5 kilometers from lakes.  These 

data were manually entered into the glacier catalog for the complex. 

Finally, the relationship between average glacier elevation and position was 

analyzed by using ArcView 3.1 to reduce each glacier to a single point (centroid) 

representing its position.  The map containing the centroids was imported into MFworks 

2.6 and merged with an elevation map to produce a table containing the UTM 

coordinates and average elevation of each glacier.  This information was then used to 

create plots of average elevation versus location (east /west or north /west location).

Determining uncertainties in population and area

The accuracy of the digital maps involved three issues: the date represented by the 

data, glacier population, and glacier area.  Map date was easily resolved for the 1998 

layer since the aerial photographs used to create the layer were clearly labeled August, 

1998.  Confirming the date of the 1958 layer was more difficult.   To create this layer I 

used glacier outlines digitized by national park service staff from 1:24,000 USGS 

topographic maps.  Since many of the maps that were digitized were labeled 

“Topography by photogrammetric methods from aerial photographs taken 1958”, I 

assumed that the glacier outlines in the digital version represent the state of the glaciers in 

1958.  I tested this assumption by comparing aerial photography from different dates to 

these outlines and found that glacier photos taken during August 1958 were the best 

match to the digital outlines.

Population accuracy was determined using two approaches.  The first assumed 

that Post et al. (1971) had the technology to correctly identify all glaciers consistent with 

their own standard that any ice mass larger than 0.1 km2 is a glacier.  The second 

approach assumed they did not.  In the first approach, the accuracy of the 1958 glacier 

map was determined by comparing the map to tables and maps produced by Post et al 

(1971).   In the event of a mismatch, the digital map was adjusted to correspond with 

their maps.  The population accuracy of the 1998 layer was calculated by counting ice 
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features that were difficult to classify.  Classification was done using color, surface 

texture, and size as criteria.  To begin this classification, the smallest ice features (those 

less than 0.1 km2) were all regarded as either snow fields or glaciers.  If such a feature 

had a uniformly smooth, white surface it was identified as a snow field.  If it had 

crevasses and/or patches of blue or gray (exposed ice) it was classified as a glacier.  The 

number of potential snow fields counted in this way then became the population 

uncertainty.  In the second approach the uncertainty in the glacier population was 

calculated by counting the number of glaciers smaller than 0.1 km2 for both 1958 and 

1998. 

Errors in area were determined by assessing the accuracy of the original paper 

maps, and the procedures used to digitize these maps.  The accuracy of the paper maps 

used to produce the 1958 layer was estimated by assuming that National Mapping 

Standards adopted by the U.S. Geological Survey apply.  These standards for horizontal 

position require that 90% of 20 or more points surveyed in the field fall within 1/50th of 

an inch of the same identifiable points on the map (USGS, 2001).  For a 1:24,000 

topographic map this is an accuracy of 12.2 m.   This uncertainty represents a minimum 

error since it is questionable how well National Mapping Standards apply to maps of 

mountainous areas.  The digitizing error was calculated by measuring the width of the 

glacier boundary line on the paper 1:24,000 map.  This measurement produced a 

positional uncertainty of 2.4 m for the glacier boundary.  Again, this figure represents a 

minimum uncertainty since no additional information about digitizing error was available 

from the National Park Service.  The total positional error (ep) for each glacier was 

calculated using equation 2.1 (after Baird, 1962).

ep = em
2 + ed

2              (2.1)

where em is the error of the original paper maps and ed is the digitizing error.   For each 

glacier, ep was multiplied by the perimeter of the glacier yielding the area uncertainty 

(eg).    The area uncertainty (e58) for the entire 1958 glacier cover was determined by 
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using equation 2.2 (after Baird, 1962)...

e58 = eg
2∑           (2.2)

The area uncertainty of the 1998 glacier layer was determined from two factors: 

the area error fraction (ef) between glaciers in the 1998 map and the same glaciers in a 

Digital Orthoquad (DOQ) of the Cascade Pass Quadrangle and positional uncertainty 

based on National Mapping Standards and digitizing error (ep).  The Cascade Pass 

Quadrangle was used since at the time of analysis it was the only one that was available 

that was based on 1998 aerial photography.  The area error fraction was determined by 

creating a digital map of selected glaciers in the quadrangle from the DOQ.  Area error 

fractions (ef) were calculated using equation 2.3.

ef =
(A98 − Adoq )

Adoq

             (2.3)

A98 is the area of each glacier appearing in the 1998 layer and Adoq is the area of this 

group as drawn from the 1998 DOQ.  Area uncertainty (eg) based on boundary 

uncertainties was determined by creating a buffer around each glacier having a width 

equal to the uncertainty in 1:24:000 maps (ep) and then determining the area of this 

buffer.  The width of the buffer is based on the fact that in the National Mapping 

Standards positional uncertainty is the same for both 1:24000 topographic maps and 

DOQs.  The area uncertainty for each glacier (e98) was calculated by inserting ef  and eg 

into equation 2.4.

e98 = eg
2 + ((ef )(A98))2               (2.4)

Finally, since the 1998 glacier outlines were constructed by adding or subtracting 

area from their 1958 outlines, the uncertainty of the area change for each glacier was 

determined by calculating the area of a buffer around the glacier having a width equal to 

the positional uncertainty for 1:24,000 topographic maps.
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Results

Assuming that Post et al. (1971) had correctly classified all the glaciers within the 

complex, in 1958 there were 321 glaciers having a combined area of 117.3±1.0 km2.  

Approximately 29% of the population had areas less than 0.1 km2.  This means that 93 

ice masses did not fit Post et al’s criteria for a glacier.   A probable cause of this 

mismatch is the scale of the maps they used and the technology they used to analyze 

them.  Post et al. (1971) used 1:38,000 scale maps, while the 1958 layer in this project 

was digitized from 1:24,000 maps.  This means that the 1958 map layer was built on 

more detailed spatial information than the maps of Post et al (1971).  This was confirmed 

by superimposing a map digitized from paper maps used by Post et al. (1971) on to the 

1958 layer.  Glacier outlines in the Post et al. (1971) layer are coarser than those in the 

1958 layer. Furthermore, areas and other dimension values derived by GIS software are 

significantly more precise than those derived by mechanical planimeters.   However, 

since one of the questions asked in my study is how glacier change impacts stream flow, 

it is important to map and examine ice units in the study area, even if they do not follow a 

strict definition of a glacier.

Based on Post et al.’s (1971) classification (including glaciers > 0.1 km2) the 

average glacier area in 1958 was 0.37 km2 with the smallest glacier being 0.02±0.01 and 

the largest, 6.83±0.18 km2.  Most of the population (93%) had areas less than or equal 

to 1.0 km2 and accounted for 56% of the total glacier area (Fig. 2.2).  The smallest 

group of glaciers, those having areas less than 5.0 km2, made up approximately 1% of 

the population but accounted for 10% of the combined area (Fig. 2.3).  Average glacier 

elevation was 2011 m with the lowest glacier being at 1375 m and the highest at 2457 m 

(Fig. 2.4).  A plot of average elevation versus east /west position (Fig. 2.5a) shows that 

elevation tended to increase to the east.  A similar plot for elevation versus north /south 

position (Fig 2.6b) showed a slightly more complex pattern, where elevation decreases 

moving from the Canadian border to the Skagit River and then rises again farther to the 

south.   Average glacier slope was 34° with a range of 12 to 62° (Fig. 2.6).  Most of the 
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glaciers (67%) were located on slopes oriented northeast, north, or northwest (Fig. 2.7).  

Sixteen of the glaciers (5%) terminated in lakes.  No data were available for debris cover 

for 1958.  

By, 1998 the glacier population was 316 with a combined area of 109.1±1.1 km2.  

Average glacier area was 0.3 km2 with a range of 0.02±0.01 km2 to 6.53±0.20 km2.   

Approximately sixty of glaciers identified in the 1998 photography were marked as 

uncertain, meaning that they may have been snowfields rather than glaciers.  These were 

included in the 1998 map for the same reason that glaciers smaller than 0.1 km2 were 

included in the 1958 map.   Glacier slope, average elevation, and orientation for, 1998 

could not be calculated since elevation data were absent for all but four of the glaciers in 

the complex.   Nine glaciers calved into lakes and 52 others had termini within a half 

kilometer of a lake. Only 23 had any noticeable debris cover and all but six of these had 

less than 25% of their surfaces covered.

Figure 2.2 - Fraction of glacier population versus area for 1958.  Glaciers are 
grouped into 0.1 km2 intervals.
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Figure 2.3 - Number of glaciers versus area for 1958.  Glaciers are grouped 
into 0.1 km2 intervals.

 

Figure 2.4 - Glacier population and area versus average elevation for 1958.  
Glaciers are grouped into 100 m intervals.  For instance, the 1800 m group 
includes all glaciers between 1800 and 1899 m.
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Figure 2.5 - Glacier elevation by north /south and east /west position for 1958.  

        

Figure 2.6 -Glacier population and area versus average slope for 1958.  Glaciers are 
grouped into 10° intervals.
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Figure 2.7 -  Glacier population and area versus average orientation for 1958.  
Glaciers are grouped into 30° intervals.

Estimating glacier volume

Methods for estimate glacier volume

A common problem encountered in determining the volume of a glacier is how to 

calculate this volume if no surface or basal topographic data exists for the glacier.  Post 

et al. (1971) addressed this problem by grouping all the glaciers in the North Cascades 

into five area classes, assigning an average thickness to each class, and then multiplying 

these averages by the area of the glacier.   The area classes and the assumed thicknesses 

they used are shown in the table below. 

Table 2.1 - Thickness by area class (Post et al., 1971)

> 5.02.0-5.0

Assumed average thickness (m)

Area class (km2)

12090604020

1.0-2.00.5-1.0< 0.5

The thickness' assigned to each class were based on the mean thickness of South 

Cascade Glacier in the North Cascades and Blue Glacier in the Olympic Mountains of 

Washington, as well as assumed values for small glaciers given in Canadian (Ommanney 

Page 26



et al., 1969 after Post et al., 1971) and Russian inventories (Avsiuk and Kotlyakow, 1967 

after Post et al, 1971).

A more refined approach to estimating the volume of individual glaciers is to 

scale area by established values via the general relationship...

V = β A        (2.5)

Values for β and γ are derived by using either theoretical or empirical methods.

An example of an empirical approach is that of Chen and Ohmura (1990), who 

derive β and γ by analyzing the relationship between the area and volume of 63 glaciers 

in North America, Europe, and Asia.   These 63 glaciers were chosen because their 

volumes were known from topographic surveys and radio-echo sounding.  By doing a 

regression analysis on an area versus volume plot of the glaciers, they derived the values 

for β and γ (Table 2.1).      

Two alternative approaches based on theoretical methods are that of Bahr et al. 

(1997) and Driedger and Kennard (1986).   Bahr et al. (1997) use a scaling analysis of 

mass and momentum conservation equations to derive β and γ (Table 2.2).  They did this 

by taking into account the width, slope, side drag, and mass balance of individual glaciers 

and then testing their results against known values of volume and area for 144 glaciers. 

Like Bahr et al. (1997), Driedger and Kennard (1986) derived b and g (Table 2.2) by 

examining the relationship between glacier flow and geometry.  They related known 

geometric elements (area and slope) to measurable or easily calculated values such as ice 

density and basal shear stresses.   The resulting area volume relationship was then 

modified using the results of regression analysis of areas and volumes for 25 glaciers in 

the Washington and Oregon Cascades.  They found their relationship to be appropriate 

for small alpine glaciers less than 8500 ft (2.6 kilometers) long and to be between ±20 

and 25% accurate.  
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Table 2.2 - Values for β and γ derived by various authors

β γ
Chen and Ohmura (1990) 28.50 1.396

Bahr et al. (1997) 0.90 1.396

Driedger and Kennard (1986) 3.93 1.124

Determining the uncertainty in estimates of glacier volume

Uncertainty in estimated glacier volume was established by determining 

uncertainty based on area errors for each glacier, and by comparing estimated volume 

changes derived by area /volume scaling to volume changes calculated for glaciers having 

detailed topographic information for both 1958 and 1998.   Uncertainties in the estimated 

volume and volume change of individual glaciers based on area and area change errors 

were calculated by considering how these errors propagate through power relationships.  

According to Baird (1962), the error in an equation of the form z = xn is z(dz) = nxn-1dx.  

Based on this argument the equation used to derive the error for estimated volume is of 

the general form

 δV = (γ −1)βAγ−1δA           (2.6)

with the values (γ-1)β and γ-1 for each method being as follows:

Table 2.3 - Values for (γ-1)β and γ-1

(γ−1)β γ−1
Chen and Ohmura (1990) 38.7 0.357

Bahr et al. (1997) 1.25 0.396

Driedger and Kennard (1986) 4.42 0.375

To fully determine glacier volume and volume error it was necessary to determine 

which of the three area /volume scaling techniques used in this study provide the best 

estimate of actual glacier volume.  This was accomplished by comparing volume 

estimates to changes for South Cascade and the other four index glaciers calculated 

using topographic data.  These glaciers were selected since detailed topography exists for 
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these glaciers for both 1958 and the late to middle 1990s.   Volume change, rather than 

volume, was calculated since no accurate basal topography is available for any of the five 

glaciers.  Furthermore, calculating volume change is more relevant to the glacier 

/streamflow questions discussed later in this thesis.  Volume change for the index 

glaciers was calculated by superimposing surface maps for each glacier and its 

immediate surroundings for the 1990’s on top of a maps for the same area during 1958.  

The volume bounded by the two surfaces is the volume change between the time periods 

represented by each surface.    Surface maps were constructed using both TIN 

(Triangular Irregular Network) and GRID methods.  Though TIN derived volumes were 

selected as the standard based on arguments about the accuracy of TIN versus Grid 

surfaces (DeMers, 1997; Pinotti, in progress), volume changes based on Grid surfaces 

were calculated to cross check TIN derived values, since volumes derived by each method 

should closely agree with one another.  

A Grid or raster model is a means of representing a surface using a two 

dimensional array of cells.  Each cell in the array is assigned three numbers, two to 

identify its location and a third which is a single attribute value (DeMers, 1997).  For 

instance, a DEM is an array in which the position values associated with cells are 

coordinates such as longitude and latitude and the attribute value is elevation.  In this 

way, the DEM represents a three dimensional surface. One of the primary advantages of 

a Grid model is that it can be easily manipulated to calculate volume, slope, orientation, 

and other surface statistics.  For this research MFworks 2.6 software and 10 meter 

resolution DEMs were used to create surface models of each of the five index glaciers.  

The 1958 surfaces for all five glaciers were created by using 1958 glacier outlines to 

extract ice surfaces from 10 meter SDTS DEMs.  The 1990’s surfaces for the four 

index glaciers inside the complex were created by converting contour maps in computer 

assisted drafting (CAD) format to raster format and then interpolating them to produce 

continuous surfaces.  Since point rather than contour data were available for South 

Cascade Glacier, a 1998 DEM was created by interpolating point data over the entire, 

1998 surface of the glacier.  The CAD data were provided by the National Park Service 
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and are based on Park Service ground surveys.  Point data for South Cascade Glacier 

were provided by USGS Survey’s Water Resource Division in Tacoma Washington and 

is based on photogrammetry of vertical aerial photography (Krimmel, U.S. Geologic 

Survey, personal communication, 2000).

Using the Grid method, volume change was calculated by subtracting the value for 

each cell in the 1958 grid from its counterpart in the 1998 grid.  The value of each cell 

(the average change in elevation for that cell) was multiplied by the area of the cell, and 

the products summed for the entire glacier.  In other words, each cell of the elevation 

change map was treated as a rectangular box having a volume equal to elevation change 

for that location times the area of the cell. The volume change for the entire glacier is then 

the sum of all the volumes (Fig. 2.8a).  

 A TIN model represents a surface using triangular facets.  Like the Grid method, 

each node is assigned an x, y position and an elevation.  Unlike the Grid method, nodes 

can be as close together and as far apart as the user wishes, making the TIN model a 

more efficient and more accurate means of representing a surface (DeMers, 1997).  

The TINs for the 1958 surface of the four glaciers in the park complex were 

created by importing a 10 meter DEM into ArcView 3.1. Each of the surfaces was then 

converted into TINs using Spatial Analyst 1.0. TINs for the 1998 surfaces of these same 

glaciers were created by importing contour maps in CAD file format into ArcView 3.1 

and converting these imported files in TINs using Spatial Analyst 1.0.    Again since a 

different type of data was available for South Cascade Glacier the method for producing 

the 1958 and 1998 TINs was different than it was for the other four glaciers.   The TINs 

for South Cascade for both years were constructed by importing elevation grid data into 

ArcView, and then converting the point map into a TIN surface.   Once TINs were 

constructed for all five glaciers, volume change was determined by first calculating the 

volume bounded by the glacier and an underlying plane having a fixed altitude was 

computed for both years.  Volume change for each glacier was then determined by 

subtracting the 1958 from, 1990’s volume (Fig. 2.8b).
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Figure 2.8 - Illustration of Grid method (a) and TIN method (b) for calculating 
volume change

The decision of which volume estimation scheme is most accurate was based on 

comparing topographic derived volume changes for the five index glaciers to volume 

changes derived by area volume scaling.  This was done by calculating the volume error 

fraction via the relationship...

ef
' =

∆Vs −∆ V( )
∆V

     (2.7)

Where ∆Vs is volume change based on the scaling techniques and ∆V is volume change 

derived from either the TIN or Grid methods. 

Results

Estimates for combined glacier volume for 1958 and 1998 are 10.1±0.2 km3 and 

9.3±0.2 km3.  These estimates was derived using both Bahr et al. (1997) and Chen and 

Ohmura (1990).  Both methods were used since estimates based on Chen and Ohmura 

(1990) worked best for larger glaciers such as South Cascade and North Klawatti, while 

estimates based on Bahr et al. (1997) were more accurate for smaller glaciers (Table 2.4).   
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Therefore, the total glacier volume of the complex was calculated by adding the sum of 

the volume of glaciers with areas larger than 1.0 km2 based on Chen and Ohmura 

(1990), to the sum of the volume of glaciers with areas smaller than or equal to 1.0 km2 

based on Bahr et al (1997).

Table 2.4 - Volume error using TIN derived volume change as a standard

Technique S. Cascade N. Klawatti Noisy Creek Silver Creek Sandalee

Chen & Ohmura (1990) -61.20% -49.50% -59.20% -46.90% -72.90%

Driedger & Kennard (1986) -80.00% -71.70% -72.70% -63.20% -75.80%

Bahr et. al (1997) 29.30% -19.20% -39.10% 13.20% -16.80%

Regional glacier change

Methods for analyzing glacier change

Two issues were examined in the analysis of glacier change.  First is the extent of 

that change for the region and for individual glaciers.  Second is how the topography of a 

glacier influences its rate of change.  The first issue was dealt with by subtracting total 

and individual glacier areas and volumes for 1998 from their 1958 counterparts.  The 

uncertainty in the volume change of each glacier was calculated using equation 2.5, while 

the uncertainty in the total glacier volume was determined using equation 2.2.  

Fractional area change (FAC) for the entire complex and for individual glaciers 

was computed by dividing raw area change by 1958 area.    To determine the influence of 

topographic characteristics, FAC was plotted as a function of area, average elevation, 

orientation, slope, percent debris cover, and distance of terminus from a lake into which it 

might once have calved.  Plotting and analysis was done for the entire glacier population 

and for selected groups of glaciers.  Glaciers were grouped to isolate the impact of each 

characteristic on FAC.  For instance by plotting FAC versus orientation for those 

glaciers less than 0.2 km2 that also had average elevations less than, 1900 m, the impact 

of orientation should be clearer since the influence of area and average elevation was 

minimized.
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Results

Between 1958 and 1998, the glacier population decreased from 321 to 316, total 

area decreased from 117.3±1.0 to 109.1±1.1 km2 (an FAC of 7.0%), and total volume 

dropped from 10.1±0.2 to 9.3±0.2 km3 (a volume decrease of 7.9%).   FAC for 

individual glaciers ranged from 10.3% to -100%, with an average FAC of -11.4%.   

Based on FAC the glaciers fell into four groups.  Group 1 glaciers (less than 2% of the 

population) grew between 1 and 11%.  Group 2 (19% of the population) showed no 

discernible change.  Group 3 (79% of the glaciers) lost less than 60% of their 1958 area.  

Finally, group 4 consisted of five small glaciers that were missing in the 1998 aerial 

photography.  Based on estimated volume, the net mass balance for the entire complex 

for 1958 to 1998 was -6.1 mwe.  Net balance for individual glaciers ranged from 4.6 to -

40.5 mwe, with an average balance of -5.1 mwe.   

Changes in the FAC relative to selected spatial characteristics were investigated to 

determine what role topographic setting played in glacier changer.  A plot of FAC versus 

glacier area (Fig. 2.9) showed that smaller glaciers had higher FACs than did larger 

glaciers.  Plots of FAC versus orientation, slope, average elevation, location, terminus 

condition, and average elevation revealed no discernible trends.    No relationship was 

found between FAC and debris cover, distance of terminus to lake, or slope. Determining 

averages for each group was more instructive (Table 2.5).  Group 4 had the lowest 

average elevation, while group 1 had the highest.  Furthermore, all the group 1 glaciers 

were oriented to the northwest, north, or northeast, while group 4 glaciers were randomly 

oriented.  

Table 2.5 - Characteristics of glaciers grouped by FAC

                                             Ave.         Ave.         Ave.        Number of glaciers 
Group FAC    Number    Area    Elevation     Slope               Oriented
                            in group   (km2)       (m)           (°)           N       E      S    W

  

1 > 0% 6 0.23 2061 33 4 2 0 0
2 0 63 0.18 2025 33 33 13 10 7
3 < -60% 247 0.43 2008 31 124 76 19 28
4 -100% 5 0.11 1879 25 1 1 2 1

Page 33



Figure 2.9 - Individual glacier FAC versus area.

The large number of glaciers that lost mass indicates that variations in regional 

climate is the principle control on glacier change.  The general increase in FAC with 

decreasing area is likely the result of energy exchange rates between the glacier and its 

local environment.  Calculations of area to volume ratios using equation 2.8 demonstrate 

that smaller glaciers have a larger ratio than do larger glaciers.   

A/V = A / (β A  )      (2.8)

Since energy exchange takes place at the glacier /environment interface (Paterson, 1969) 

it stands to reason that a small glacier will have a larger energy exchange relative to its 

volume than a large glacier. Consequently, for the same climatic conditions causing net 

mass loss, smaller glaciers should shrink faster than larger ones.  Furthermore, a small 

glacier should receive proportionally more longwave radiation from adjacent rock walls 

than a large glacier.  This is because the amount of longwave radiation received by the 

glacier is highest along the perimeter of the glacier.  So for a large glacier, the percentage 

of the glacier surface receiving significant amounts of radiation is small, while this 
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percentage is higher for a smaller glacier.  Finally, the five glaciers that disappeared may 

not have been glaciers because were originally classified as snow and ice patches and 

because they fell below the Post et al. (1971) size criteria for a glacier. 

The glaciers that gained mass were, on average, the highest of the groups.  But why 

other glaciers, of similar altitude did not grow is uncertain.  A large number of glaciers 

(19%) were in equilibrium.  We speculate that the enlarging of glaciers and those in 

equilibrium are in topographically advantageous positions and receive a significant 

contribution to their mass accumulation from avalanches.  

   

Summary  

Based on the creation and analysis of digital maps of all the glaciers in the 

National Park Complex, the following conclusions were reached:

1. Spatial characteristics - There are currently over three hundred glaciers in the 

National Park Complex ranging in area from less than 0.1 km2 to nearly 7.0 km2.   

The majority of these glaciers (90%) are less than 1.0 km2, oriented to the northwest, 

north, and northeast, have slopes of 50 to 60°, average elevations of between 1800 and 

2100 meters, and have less than 25% of there surfaces covered by debris. Average 

glacier elevation tended to rise from east to west.  

2. Extent of glacier change in the complex - The population of the complex dropped 

from 321 to 316 between 1958 and 1998.   During this same period total glacier area 

shrank from 117.3 ± 1.0 km2   to 109.1 ± 1.1 km2, representing a loss of 8.3 ± 0.1 

km2 (7.0% of the 1958 combined area), while the total glacier volume dropped by 

0.8±0.1 km3.   Fractional area change for individual glaciers varied from +10.3 to     

-100% of their 1958 areas.  Based on FAC, the glaciers fell into four groups.  Group 

1 glaciers gained mass, group 2 glaciers did not change, group 3 glaciers lost area, 

and group 4 glaciers were missing in 1998.  All five of the group 4 glaciers were less 

than 0.25 km2 and four of these were classified as snow and ice patches in the Post et 
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al. (1971) inventory, meaning that their continued existence was precarious even in 

1958.

3. Topographic influences on glacier change - In general, rates of glacier change were 

influenced by glacier area and average elevation.  However, area was not found to 

have any statistically significant correlation with magnitude of change.  Generally, 

smaller glaciers tended to have higher fractional area changes.  This relationship is 

probably the result of increased energy exchange rates resulting from the large 

surface area to volume ratio of smaller glaciers.  Local conditions, such as 

topographic characteristics that favor avalanching, may be responsible for keeping 

some glaciers in equilibrium.  
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Figure 3.2 -  Boundaries of Glaciers in 1958 and 1998.  Contours are for 1958 
and have a contour interval of 100 meters.  Shaded areas are the 1958 extents, and 
the white areas are the 1998 extents.
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Figure 3.3 - Area altitude (0-1%) distributions for index glaciers for 1958.  The 
light gray dots represent the fraction of the area of each glacier at each altitude.  
The heavy black line is a10% weighted smoothing of each data set.  The steady 
state ELAs are estimates based an assumed accumulation area of 60% of the 
glacier (Meier and Post, 1962; Porter 1975; Torsnes et al. 1993).

Comparing the index glaciers to other glaciers in the complex:

 In terms of glacier area, only one glacier, Sandalee, is close to the 1958 regional 

area average of 0.3 km2.   The other four index glaciers fall into the top 15% of the 

population of the complex (Fig. 3.4).  The slopes of all five glaciers are significantly less 

than the regional average of 32°.  With the exception of North Klawatti, the orientation of 

the index glaciers is the same as 60% of population (340 to 40° azimuth).  During 1958 

four of the five glaciers fell within 150 m of the regional average elevation of 2011 m.  

The fifth, Silver Creek Glacier, was 272 m higher than the regional average.  Both South 

Cascade and Noisy Creek glaciers, were lower than the average.
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Figure 3.4 - Plot of cumulative glacier population for 1958 and 1998 versus size 
and position of indicator glaciers within this distribution.

Glacier change

Between 1958 and 1998, area loss for the index glaciers varied from -0.03 to -0.61 

km2, fractional area loss (FAC) ranged from 12 to 22% (Table 3.2), and volume losses 

ranged from 0.748 to 0.002 km3.  In all three cases South Cascade Glacier had the 

largest loss, while Sandalee had the smallest.  North Klawatti and Noisy Creek glaciers 

had FACs similar to South Cascade.  Silver Creek Glacier had a FAC similar to that of 

Sandalee.

A comparison of index glacier FAC to the FAC for the general population (Fig. 

3.5) shows three of the five index glaciers (South Cascade, North Klawatti, and Silver 
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Creek) have high FACs for their area class.    Furthermore, three of the five glaciers have 

significantly higher FACs than the regional average of 13%.  The other two, Sandalee 

and Silver Creek fall within 0.5 and 1.1% of the average.

Table 3.2 - Spatial characteristics of the five index glaciers.  Area change is 
shown in km2 and in percentage of 1958 area.  

            Glacier                    Area (km2)                         Change                  Volume (km3)

1958 1998 Area FAC Change

South Cascade 2.71±0.16 2.10±0.13 -0.61±0.06 -22.5±2.2% -0.0748±0.007

North Klawatti 1.81±0.10 1.45±0.12 -0.36±0.03 -19.9±1.5% -0.0263±0.002

Noisy Creek 0.91±0.06 0.72±0.06 -0.19+0.01 -20.9±1.1% -0.0111±0.006

Silver Creek 0.78±0.06 0.67±0.06 -0.11±0.01 -14.1±1.2% -0.0122±0.001

Sandalee 0.24±0.02 0.21±0.02 -0.03±0.01 -12.5±4.2% -0.002±0.0007

 

Figure 3.5 - Individual glacier FAC versus area showing location of index 
glaciers within the population.  The two solid lines show the error in FAC 
for each area class.
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