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Executive Summary 
This is the third progress report for a multi-year study of glaciers in Alaskan national parks. The 
project will be completed in December 2013. Here we present results from mapping of all glacier 
extents in Gates of the Arctic National Park & Preserve (NP&P), Klondike Gold Rush National 
Historic Park (NHP), and Aniakchak National Monument & Preserve (NM&P), from 
measurements of surface elevation changes in Denali NP&P, and from focus glacier research in 
Denali NP&P, Katmai NP&P, and Lake Clark NP&P. We have accomplished all tasks on 
schedule for this third deliverable, and we look forward to continued conversation with our 
colleagues at NPS as the project moves forward. Significant results include the following: 

• Gates of the Arctic NP&P was less than 1% glaciated in both mapping periods 
(nominally 1970s and 2000s), but ice cover diminished 43% (from 95.6 to 54.0 km2). 

• Klondike Gold Rush NHP has almost no glacier cover, but ice cover in watersheds 
draining into or near the Park diminished 18% from 288 to 237 km2 (1948-2011/11). 

• Aniakchak NM&P was less than 1% glaciated in both mapping periods, but ice cover 
grew 8% over that period (from 4.1 to 4.4 km2). This is likely an artifact of mapping 
errors in the original cartography. 

• The total number of glaciers declined in two of the three mapped parks (by 30% in Gates 
and by 34% in Aniakchak), but glacier numbers increased 26% in in the study area 
around Klondike. This result in Klondike is likely due to fragmentation of glaciers into 
multiple smaller ice masses.  

• Using laser altimetry, we measured 21 distinct intervals of elevation change among eight 
glaciers in Denali NP&P from 1994 - 2010. Interpretation of these changes is 
complicated by collection of the profiles during different portions of the melt season.  

• Of the glaciers measured by repeat laser altimetry in Denali, two had positive glacier-
wide mass balance rates for some portion of the measured period: Muldrow Glacier 
(2001-2008) and its tributary Traleika Glacier (2001-2010). We attribute this to 
thickening of the upper elevations of this surging glacier system during the quiescent 
post-surge phase. Lower elevations of these glaciers were consistently thinning, and over 
the entire 1994-2010 period Muldrow had an overall negative mass balance rate. 

• All other glaciers and intervals in Denali had negative mass balance rates (overall 
thinning) ranging from -0.7 to -2.2 m water equivalent per year, but interpretation of 
these results is complicated by inconsistency in the seasonality of measurements. The 
lowest measured balance rate was on east Toklat Glacier from 2008-2010.  

• We visited and photographed glaciers in Denali, Katmai, and Lake Clark NP&Ps in 
summer 2011. Sample interpretive themes for their focus glaciers are presented herein. 

• A sample vignette from Knife Creek Glacier in Katmai was presented in the Second 
Progress Report, has now been vetted by NPS personnel and project collaborators, and 
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will serve as the model as we commence planning for the layout and design phase for the 
final report. Negotiations are underway to hire a graphic designer for the interpretive 
report. 
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Introduction 
Project Overview 
Basic information on the extent of glaciers and how they are responding to climatic changes in 
Alaska NPS units is lacking. Because glaciers are a central component of the visitor experience 
for many Alaskan parks, because the complicated relationship between glaciers, humans, and the 
climate system constitutes a significant interpretive challenge for NPS staff, and because glacier 
changes affect hydrology, wildlife, vegetation, and infrastructure, this project was initiated to 
document the status and recent trends in extent of glaciers throughout the nine glaciated park 
units in Alaska. The work will also be of substantial interest to scientists who recognize recent 
changes in Alaskan glaciers, including their collective contribution to sea level rise, as both 
globally significant and under-studied. 

Of Alaska’s 15 national parks, preserves, and monuments, nine contain or adjoin glaciers: 
Aniakchak (ANIA), Denali (DENA), Gates of the Arctic (GAAR), Glacier Bay (GLBA), Katmai 
(KATM), Kenai Fjords (KEFJ), Klondike Gold Rush (KLGO), Lake Clark (LACL), and 
Wrangell-St. Elias (WRST). Under this project, status and trends of glaciers within (or in 
isolated cases—adjacent to) these park units will be assessed in three primary ways: changes in 
extent (area) for all glaciers, changes in glacier volume for all glaciers with available laser 
altimetry, and an interpretive-style description of glacier and landscape change for 1-3 “focus 
glaciers” per park unit. These components of the project, summarized in Table 1, are described in 
more detail in the methods section of this report. 

Table 1. Overall scope of project by component: Principal Investigator, glacier coverage, and types of 
analyses. 

 
 

Project Deliverables and Timeline 
The results of our work will be presented in two written products: a technical report and an 
interpretive report. Dr. Loso has primary responsibility for the content of both publications – 
including layout and design.  

The technical report, published internally as a Natural Resource Technical Report, will be a 
comprehensive technical document prepared to thoroughly document the data sources, 
methodology, and results of the project, to analyze those results, and to discuss the implications 
of those analyses. The technical report will be accompanied by a permanent electronic archive of 
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geographic and statistical data and is intended to serve a specialized audience interested in 
working directly with the project’s datasets. It will therefore be complete, lengthy, and 
cumbersome to read for scientists interested primarily in the project’s findings and implications. 
All audiences will find a comprehensive, but more accessible, discussion of the project’s results 
and implications in the interpretive report, discussed below.  

The interpretive report will be a non-technical document suitable for glaciologists, park 
interpretation specialists, park managers, and park visitors with no particular background in 
science or glaciology. The document will be comprehensive and thorough, however, and is 
envisioned as graphics and photo-intensive, content rich, and accessibly written. Content will be 
prepared to fit in a publication similar to an existing model: (Winkler 2000, A Geologic Guide to 
Wrangell-St. Elias National Park and Preserve, Alaska). Content will include a comprehensive 
literature review, and also detailed—but accessible—summaries of the key data sources, 
methodologies, and findings of the technical report. We will utilize the “focus glaciers” as a 
primary narrative tool to describe status and trends in NPS glaciers.  

Separately from these primary publications, the principal investigators—in collaboration with 
other research associates and NPS staff, as appropriate and willing—will publish the research 
results of most broad and compelling scientific interest in a more concise form in one or more 
peer-reviewed journals (e.g. Journal of Glaciology). These articles are not considered project 
deliverables. Interpretive summaries may also be produced based on region-wide and/or park-by-
park themes. These two-page (front and back) summaries, published internally by NPS, would 
summarize the most broad and compelling findings of scientific interest.  

The project was initiated with a kickoff meeting held October 11, 2010 and is scheduled for 
completion December 15, 2013. Interim project tasks and deliverables are summarized in Table 
2, and are subject to modification in each year’s annual meeting and task agreement.  

Scope of Progress Report 3 
This is the third of four progress reports due biannually during the first two years of the project 
(Table 2). These reports are meant to be technical in nature and park-centered. They may contain 
some analysis on parks with completed data products, and in other cases may simply present data 
products that remain incomplete. Parks scheduled for presentation in this report are Gates of the 
Arctic, Klondike Gold Rush, and Aniakchak (extent mapping), Denali (volume change and focus 
glaciers), and Katmai and Lake Clark (focus glaciers only).  

Because it was our first substantive written communication to the project sponsors, the first 
progress report placed considerable emphasis on defining the project and our approach to it. In 
this third and subsequent progress reports, we focus our efforts on presentation of data products. 
Much of the text in the introduction and methods is appropriated from previous reports and has 
only minor changes. 

2 
 



 

Table 2. Schedule for project tasks and deliverables. Report is under the direction of Loso, but relies 
substantially on timely contribution by all collaborators.  
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Study Areas 
Alaska is the largest and most heavily glaciated of the fifty United States. With an area of 
1,530,693 km2, approximately 75,000 km2, or ~5% of the land area, are covered by glacial ice 
(Post and Meier, 1980). Approximately 18,500 km2 of the state’s glaciers (~25%) are on lands 
administered by the National Park Service. Statewide, NPS administers 15 national parks, 
preserves, monuments, and national historical parks; glaciers occur in (or adjacent to, in the case 
of Klondike Gold Rush) 9 of those units: 

• Aniakchak National Monument and Preserve 
• Denali National Park & Preserve 
• Gates of the Arctic National Park & Preserve 
• Glacier Bay National Park & Preserve 
• Katmai National Park & Preserve 
• Kenai Fjords National Park  
• Klondike Gold Rush National Historic Park 
• Lake Clark National Park & Preserve 
• Wrangell-St. Elias National Park & Preserve 

 
This progress report focuses on several of those units. Overview maps of park and modern 
glacier boundaries for each unit are presented either here or in previous progress reports, as 
indicated. We describe these, including those from previous reports, in more detail below. 

• Extent Mapping: Gates of the Arctic (this report, Figure 1), Klondike Gold Rush (this 
report, Figure 2), and Aniakchak (this report, Figure 3) 

• Volume Change: Denali (First Progress Report, Figure 1) 
• Focus Glaciers: Denali; Katmai and Lake Clark (Second Progress Report, Figures 1-2) 

 
Gates of the Arctic National Park and Preserve 
Gates of the Arctic National Park and Preserve (Figure 1) was first established by Congress in 
1978 as the Arctic National Monument, and later upgraded to a National Park and Preserve in 
1980 for its wild and undeveloped character and its opportunities for solitude and wilderness 
travel. In total, the Park encompasses 331,944 km2 of terrain, including portions of six National 
Wild and Scenic Rivers, the headwaters of an international Biosphere Reserve (the Noatak River 
drainage), and peaks up to 2594 m (Mt. Igikpak). The Park is almost entirely mountainous, 
encompassing portions of the central Brooks Range, and the ancillary Schwatka and Endicott 
Mountains. Glaciers in Gates of the Arctic are unique in this study for being entirely north of the 
Arctic Circle, and glaciers on the north side of the Brooks Range experience a true Arctic climate 
with extremely cold temperatures and very light snowfall. In Anaktuvuk Pass, the average 
January low temperature is -30° C and the average July high is 16° C, with an average total 
annual precipitation of 36 cm. In the most recent imagery, the unit contains over 175 glaciers 
scattered throughout the Park, all of which are small (average 0.3 km2, maximum 2.3 km2) and 
land-terminating. Glaciers range from 67°19’ to 68° 20’ N and from 149° 34’ to 155° 54’ W. 
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Figure 1. Gates of the Arctic National Park and Preserve. Blue polygons are current ice coverage, and 
red lines are park unit outlines. 
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Figure 2. Klondike Gold Rush National Historic Park. Blue polygons are current ice coverage, and red 
lines are park unit outlines. Note that almost all these glaciers fall outside the park boundaries.  
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Klondike Gold Rush National Historic Park 
Klondike Gold Rush National Historic Park (Figure 2) is the smallest NPS unit in this study at 
only 13,191 km2. Congress established it in 1976 to preserve historic structures and trails 
associated with the Klondike Gold Rush of 1898, and the Park’s lands are concentrated around 
the historic townsites of Skagway and Dyea and in narrow corridors along the Chilkoot Trail and 
White Pass & Yukon Route Railroad. All these areas lie between tidewater on the Pacific 
Ocean’s Taiya Inlet and ridges of the St. Elias Mountains at elevations over 1800 m. Glacier 
coverage in the park is minimal, including only a portion (<1 km2) of a glacier that straddles the 
international boundary with Canada in the northernmost edge of the Chilkoot Trail corridor at 
59° 41’ N and 135° 14’ W. The status and trends of glaciers outside the park boundary are 
important, however, because many are visible and relatively accessible to recreational users of 
the park trails, and also because lakes associated with some of those glaciers have caused 
damage in the past and continue to threaten historic park resources. In our subsequent analyses, 
we treat glaciers near the park (most of which drain meltwater into the park boundary) as 
“KLGO glaciers.” Skagway’s average January low temperature is -8° C and the average July 
high is 20° C. Total annual precipitation in Skagway is 67 cm, with as much as 500 cm (and 
lower temps) in the mountainous reaches of the park. 

Aniakchak National Monument and Preserve 
Aniakchak National Monument and Preserve (Figure 3) is the remotest and westernmost of the 
NPS units in this study, 1165 km southwest of Anchorage on the Alaska Peninsula. Visitation 
averages less than 200 persons per year, arriving mostly by air taxi from King Salmon to float 
the Aniakchak River, a National Wild and Scenic River, and to hunt moose and brown bear. The 
Monument is 2371 km2 and centers on the 750 m deep Aniakchak Caldera, formed by a massive 
volcanic eruption 3500 years ago, and is located among other volcanoes between Bristol Bay and 
the Gulf of Alaska. Volcanic activity is ongoing in the region, and the Aniakchak Caldera most 
recently erupted in 1931. The highest elevation in the park is ~1340 m, and glacier coverage is 
minimal—only about 4 km2 of small glaciers exist, located primarily on shaded north-facing 
slopes. None of the glaciers reach tidewater, and the largest of them (in recent imagery) is about 
3 km2. In Port Heiden, near the south edge of the Monument, average January low temperature is 
-9° C, average July high is 14° C, and the average total annual precipitation is 29 cm. Glaciers in 
the park ranges from 56° 51’ to 57° 1’ N and from 157° 24’ to 158° 11’ W. 

Denali National Park and Preserve 
Denali National Park & Preserve is located in interior Alaska, north of Anchorage and south of 
Fairbanks. The Park was first established in 1917 (as Mt. McKinley National Park) and expanded 
to its present size and designation in 1980. It contains 24,585 km2 of federal land. In Denali 
NP&P, the Alaska Range attains its greatest height, containing the highest mountain in North 
America (Denali or Mt. McKinley, 6194 m) and numerous summits over 3000 m. The interior 
climate of Denali is cold in winter and warm in summer, with dry conditions and modest 
snowfall at low elevations but higher levels of precipitation in the mountains, especially on the 
south side of the range. Near park headquarters, average January low temperature is -22° C and 
average July high is 21 C. Annual total precipitation is 37 cm. 
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Figure 3. Aniakchak National Monument and Preserve. Blue polygons are current ice coverage, and red 
lines are park unit outlines.  
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Katmai National Park and Preserve 
Katmai National Park and Preserve was established in 1918 (as Katmai National Monument) to 
preserve the spectacular and dynamic landscape associated with the 1912 eruption of Novarupta 
Volcano—the world’s largest volcanic eruption of the 20th century. The Valley of Ten Thousand 
Smokes was and is a central attraction of the Park, but Katmai is now equally famous for its 
populations of brown bears and fish. The Park encompasses ~20,610 km2 of federal land. 
Located on the Alaska Peninsula between Cook Inlet and Bristol Bay, the Park’s mountains are 
relatively low and reach their greatest heights on the eastern edge of the Park where the Aleutian 
Range crests at 2318 m on Mount Denison. Near park headquarters in King Salmon, average 
January low temperature is -13° C and average July high is 17° C. Annual precipitation is 48 cm. 
Katmai NP&P (including glaciers wholly or partly inside of the Park boundary) has an ice-
covered area of around 911 km2 based on satellite imagery mostly from 2009. Glaciers are 
clustered in three groups: on the Kejulik Mountains to the south, on Fourpeaked Volcano in the 
east, and scattered in the Walatka Mountains in the north. Collectively, the glaciers range from 
58 ̊ 06’ N to 58 ̊ 59’ N and spans from 153 27’ W to 155 ̊ 27’ W. Glaciers in the Park are mostly 
modestly-sized and land-terminating, and stand out in a regional sense mostly for their response 
to extensive deposition of volcanic ash, especially after the massive 1912 Novarupta eruption.  

Lake Clark National Park and Preserve 
Lake Clark National Park & Preserve is located in western Alaska, southwest of—and across 
Cook Inlet from—Anchorage. The Park was first established in 1980 to protect scenic beauty 
(including volcanoes, glaciers, wild rivers, and waterfalls), populations of fish and wildlife, 
watersheds essential for red salmon, and the traditional lifestyle of local residents. It contains 
~16,390 km2 of federal land. Along with its signature feature, 66 km long Lake Clark, the Park 
features two active volcanoes (Redoubt and Iliamna) and the intersection of two major mountain 
ranges: the Aleutian and Alaska Ranges. Climate is quite variable; elevations range from sea 
level on the Cook Inlet coast to over 3100 m on Redoubt Volcano. Near park headquarters in 
Port Alsworth, average January low temperature is -15° C and average July high is 20° C. 
Annual total precipitation is 36 cm. Lake Clark’s glaciers (including glaciers wholly or partly 
inside of the Park boundary) covered around 3233 km2 as of 2009. Glaciers are scattered 
throughout the central and eastern portion of the park, originating on two volcanoes (Iliamna and 
Redoubt) and three mountain ranges (the Chigmit and Neacola Mountains and the southernmost 
extension of the Alaska Range). In the northeastern part of the park, glaciers of the Neacola 
Mountains are contiguous with ice outside the park boundary that adds a substantial amount to 
the glacier areas measured in this park. Indeed, the two largest glaciers in this inventory, Tanaina 
Glacier and Blockade Glacier, originate outside the park boundary. The largest glacier contained 
mostly within the Park boundary is Double Glacier, with a main ice mass area over 137 km2. 
Within the Park proper, glaciers range from 59 ̊ 52’ N to 61 ̊ 31’ N and from 152 ̊ 12’ W to 154 ̊ 
04’ W. None of the Park’s glaciers reach tidewater.
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Methods-Mapping 
Data 
The mapping component of this project aims to delineate the outlines of all glaciers in all 
Alaskan parks for two time intervals: mid-20th century (based mainly upon USGS topographic 
mapping from that time period, typically available as Digital Raster Graphics or “DRGs”) and 
the early 2000s (based upon latest available satellite imagery). For simplicity, we commonly 
refer to these time intervals as “map date” and “modern,” or less commonly as “DRGs” and 
“2000s.” Topographic map coverage is based on photography that ranges from 1948 to 1979 
(and as late as 1987 for some Canadian glaciers not covered by USGS maps), with some later 
revisions. Post-2000 (mostly 2006-2008 with some 2010 and 2011) satellite data for this phase of 
the project are from a combination of Ikonos and SPOT4 imagery. Detailed source information 
for mapping presented in this report is presented in Appendix A.  

Analysis 
PI Anthony Arendt and research technician Justin Rich have developed a standardized workflow 
for the generation and distribution of glacier shapefiles and associated geostatistics for these 
glaciers (Figure 4). We have automated the procedure whenever possible to minimize errors, and 
to provide for future outline generation after this project is complete. Justin Rich has developed 
algorithms that provide for automatic delineation of glacier boundaries from multispectral 
satellite imagery, and has also produced an algorithm to improve the usability of post-2003 
Landsat imagery that is corrupted by scan line correction (SLC) errors.  

 
Figure 4. Workflow for the generation of glacier inventory data for NPS glaciers.  
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Details of the workflow shown in figure 4 are described below, and the steps are shown by 
example in Figure 5. 

Step 1: Existing outlines are assembled if they exist. These may come from previous UAF 
altimetry work, NPS scientists, or from other colleagues working on these areas. Otherwise, an 
automated delineation algorithm is run using multispectral satellite imagery to produce a first 
estimate of glacier extent.  

Step 2: We perform heads-up (on-screen) manual digitization on the computer to clean up 
existing outlines so that they more accurately match map or satellite imagery. Editing is 
performed at a scale appropriate to the base imagery: between 1:10,000 and 1:20,000 for Landsat 
imagery, and between 1:1500 and 1:5000 for Ikonos imagery. Once the product is of suitable 
quality, we run it through a basin delineation algorithm written by UAF PhD student Christian 
Kienholz. We perform additional manual digitization, primarily to ensure the automatically 
produced basins match what we would expect in reality. We then populate the attribute table 
with glacier names (where available), calculate glacier areas, and use a standard “remarks” code 
to describe anomalous glacier types where this information is known: e.g. surge-type, tidewater, 
etc. (table 1 in Paul et al. 2009). 

Step 3: We run a final series of scripts that set up the files for ingest into a standard data 
distribution format. As part of this step we write metadata files that describe what imagery was 
used, what dates are covered, and other information. At present, the products exported from these 
final scripts include the following, shown by example in Appendix B: 

• Glacier ID 
• Name (if available) 
• Remarks code 
• Date of imagery used 
• Centroid latitude and longitude 
• Glacier area (km2) 
• Min, max, and area-weighted mean/median glacier elevations (m) 
• Hypsometry data, presented as glacier areas within 50 m elevation bins 

 
Glacier volumes (and changes over time) are calculated using basic area/volume scaling (Bahr et 
al. 1997) using coefficient/exponent values of 0.2055/1.375 from Radic and Hock (2010). Work 
is ongoing to more robustly calculate glacier slope and aspect, and these fields will be included 
in the final product. We are also improving our hypsometry calculations to ensure that vector and 
raster data produce comparable results. 
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Figure 5. Aerial oblique imagery (from the south viewing Tokositna and Ruth Glaciers, Denali NP&P) 
demonstrating generation of glacier inventory data for NPS glaciers.  
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Methods-Elevation Change 
The elevation change component of this project aims to characterize changes in surface 
elevations of all glaciers (within glaciated Alaskan parks) that have existing laser point data from 
two or more time intervals since this work commenced in the mid-1990s. No new laser altimetry 
data will be acquired under the scope of this project. Existing laser altimetry profiles (as of 
January 2011) for Denali are shown in Figure 6 and Table 3. Note that we do not show (or use) 
data from glaciers that have only one profile flown to date (Dall, Eldridge, Yentna, and Lacuna 
Glaciers) or data from a few profiles that provide too few crossings with existing profiles on the 
same glaciers to provide a robust comparison (Ruth Glacier in 2005, Toklat 1 Glacier in 2001 
and 2005, and Toklat 2 & 3 Glaciers in 2005). 

Dates of elevation data acquisition shown in Table 3 reflect a significant problem with some of 
the Denali data—differing seasonality of acquisition. Most of the data were acquired at or around 
the annual mass maximum in late spring or early summer, but for three of the glaciers (Kahiltna, 
Muldrow, and Traleika), some early observations were acquired around the time of the annual 
mass minimum in late summer. For these glaciers, calculated changes in surface elevation that 
use those late summer sampling dates as the “initial condition” will underestimate the actual 
elevation loss over a given time period. The amount of this underestimate is not exactly known, 
but can be approximated for any given elevation on a glacier by the typical seasonal reduction in 
glacier surface elevation determined solely by summer-season ablation. This could amount to 
many meters of error at higher elevations. We do not attempt to quantify that error in this report, 
but will address it more thoroughly in the final report. 

Data 
Elevation change estimates are based upon laser point data acquired from aircraft at discrete time 
intervals. Laser point data has been acquired with three different systems since data collection 
began in 1995, including two different laser profilers before 2009 and a scanning laser system 
since then. The laser profilers have been described in previous publications (Arendt et al. 2002; 
Echelmeyer et al. 1996; Sapiano et al. 1998). The data acquired during those earlier missions 
have been reprocessed with the same methods as post-2009 scanning laser system data, which 
was acquired with a Riegl LMS-Q240i that has a sampling rate of 10,000 points per second, an 
angular range of 60 degrees, and a wavelength of 900 nm. The average spacing of laser returns 
both along and perpendicular to the flight path at an optimal height above glacier of 500 m is  

Table 3. Date of laser altimetry flights for glaciers located in Denali National Park and Preserve. Note that 
profile acquisition dates vary considerably from year to year on the Denali NP&P glaciers, so that 
elevation changes in some cases reflect considerable seasonal (rather than super-annual) differences. 
See discussion in text. Glacier types are land terminating (L) and surge (S).  
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Figure 6. Existing laser altimetry profiles (yellow lines) in Denali National Park and Preserve (red polygon) 
as of January 2011. 
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approximately 1 m x 1 m with a swath width of 500 – 600 m. The aircraft is oriented using an 
inertial navigation system (INS) and global position system (GPS) unit. The INS is an Oxford 
Technical Solutions Inertial+ unit that has a positioning accuracy of 2 cm, a velocity accuracy of 
0.05 km/h RMS, and an update rate of 100 Hz. The GPS receiver is a Trimble R7 that records 
data at 5 Hz and has an accuracy of 1 cm horizontal and 2 cm vertical in ideal kinematic 
surveying conditions.  

To translate laser point data to estimates of volume change, we require digital elevation models 
(DEMs) and glacier outlines for measured glaciers. The DEM is derived from the National 
Elevation Database (NED), a USGS product derived from diverse source data that generally (in 
Alaska) reflect elevations from the most recent topographic map at 2-arc-second (~60 m) grid 
spacing. Outlines and surface areas of each glacier are based upon “modern” glacier outlines 
developed elsewhere in this project.  

Analysis 
The workflow for calculation of elevation changes and derived volume changes follows these 
steps: 

Step 1: Glacier surface elevations are derived from laser point data by integrating the GPS-based 
position of the aircraft on its flight path over a glacier, airplane orientation data from an onboard 
INS, and laser point return positions relative to the airplane. The combination of these data 
determines the position in 3-dimensional space of the laser point returns from the glacier surface. 
The points are referenced in ITRF00 and coordinates are projected to WGS84, with a coordinate 
accuracy in x, y, and z position of +/- 30 cm. Elevation data are recorded as height above 
ellipsoid.  

Step 2: Glacier surface elevation profiles from different years can then be differenced to find the 
cumulative thickness change (dz, meters) over that time interval. Division by the time elapsed 
(dt, years) gives the rate of thickness change ∆z (m/yr). This is determined with slightly different 
methods depending on whether data from the laser profiler (1995 – 2009) or laser scanner (2010 
– 2011) are being used. 

Step 3a: For laser profiler to laser profiler differencing, points that are located within 10 m of 
each other in the x-y plane are selected as common points between the different years. If more 
than one point is located within that 10 m grid, then the mode of the elevation is used for each 
grid point. These common points are then used in the determination of ∆z. Since there are data 
points recorded only along the flight track at nadir with the laser profiler it is critical that these 
earlier flight paths were repeated as accurately as possible to obtain a large number of common 
points. Sometimes the flights were not repeated closely enough to provide extensive elevation 
change, and dz plots using this data typically exhibit many fewer points than comparable plots 
based on the laser scanning system (described below in step 3b). This limits the robustness of the 
interpolated line that is fit to the data, especially if there is variability within the data. 

Step 3b: For laser scanner to laser profiler differencing, a grid is made of the laser scanner swath 
at a resolution of 10 m. Elevation values in this grid are based upon the mode of all the points 
within each of the grid cells, which helps to filter out laser returns from crevasse bottoms. Then, 
the coordinates from each point in the old profile are used to extract an elevation from this grid 
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(for all laser profiler points that fall within the new LiDAR swath extents). This laser scanner 
elevation is differenced with the laser profiler elevation at that point, giving the change in 
elevation. The same idea is used for laser scanner to laser scanner comparisons, but instead of 
using every point from the older laser scanner swath, an average value on a 10 m x 10 m is 
calculated out of the old swath, then the value for that point location is also extracted from the 
newer laser scanner grid.  

Step 4: The complete series of ∆z measurements at specific elevations along the glacier flight 
line is plotted as the median of a smoothing window with a typical width of twelve data points 
from the bottom to the top of the glacier. Plotted confidence intervals are based upon the 
interquartile range of the moving window. At both the lower and upper elevation limits of the 
glacier, ∆z is forced to zero and the confidence interval is presented as an average of the 
interquartile ranges calculated along the entire profile.  

Step 5: The NED-based DEM is used to develop an area-altitude distribution (AAD) for the 
glacier in 30 m bins. Volume change is found by performing a numerical integration wherein the 
binned ∆z line is multiplied by the binned AAD. 

To facilitate comparison of volume changes among glaciers of different sizes, we convert 
volume changes to glacier-wide mass balance rates (𝐵̇), adhering to terminology in the Glossary 
of Mass Balance Terms (Cogley et al. 2011). The mass change is calculated assuming that the 
lost (or gained) volume was composed entirely of ice, e.g. Sorge’s law (Bader, 1954). The mass 
change can then be converted to water equivalent (w.e.) by assuming a constant ice density of 
900 kg/m3, and the mass change presented as Gt/yr. Glacier-wide mass balance rate is then just 
mass change divided by glacier surface area. Note that where profiles were collected at 
significantly different times of year (as many were in Denali), Sorge’s law is significantly 
violated and glacier-wide mass balance rates should be interpreted as limiting values, and with 
caution. We address this issue in more detail in our results section. 

 
 

18 



 

Methods-Focus Glaciers 
The focus glacier component of this project aims to provide additional information about a small 
subset of glaciers in each glaciated Alaskan park for the purpose of demonstrating the potentially 
unique ways in which A) glaciers change in response to climate and other forcings, and B) 
landscapes respond to glacier change. The focus glacier portion of the final report will include a 
narrative description of each glacier and a collection of photos, maps, figures, and other 
graphical information. In comparison with the other components of this project, which are 
directed clearly towards generating and analyzing new or existing data, the focus glacier 
component is focused more on interpretation and synthesis. No new data will be acquired, but 
collection of existing materials is a central task for the PI Michael Loso. For each glacier, this 
collection of materials will ultimately be presented as a “vignette” in the final document. A 
sample vignette was presented in the Second Progress Report. 

Focus Glacier Selection 
The final list of focus glaciers is included below (Table 4) and mapped in Figure 7. The focus 
glaciers are not intended to be statistically representative of Alaskan glaciers as a whole, but 
rather were selected to collectively represent the diversity of glacier types and climatic responses 
evident statewide. Additional supporting criteria for inclusion in the list were a rich history of 
visitation/ documentation and public accessibility. Since October 2010, the list evolved some 
under the advice and guidance of NPS staff, particularly including NPS unit resource staff and 
regional I&M staff. No changes have occurred since the Second Progress Report.  

Fieldwork, Resource Collection, and Development of Vignettes 
In summer 2011, PI Loso visited several NPS units to collect existing resource materials and 
develop first-hand familiarity with some of the focus glaciers. The objectives were to understand 
the field site geography, collect photographs (including, in some cases, repeat photographs of 
historic imagery), interview researchers and NPS staff working on or near each glacier, and 
qualitatively document the diverse evidence of landscape change. 

The diverse historic and contemporary reference materials necessary for development of the 
focus glacier vignettes cannot be found solely through traditional library and internet resources; 
many resources are available only from NPS/NPS-affiliated personnel at AKRO and at the 
individual parks. Examples of collected materials include: 

• Published, peer-reviewed journal articles 
• Internal NPS (and occasionally other agency) reports 
• Internal NPS unpublished data, when available 
• Historic maps 
• Satellite and aerial imagery 
• Interviews with knowledgeable persons 
• Original and historic photography 
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Figure 7. Overview of focus glacier locations. Red polygons are NPS unit outlines. 

  

 
 

20 



 

 
While on site at the various parks, Loso tried, within logistical and budgetary constraints, to 
personally visit as many focus glaciers as possible. Here, we summarize field efforts germane to 
the Katmai, Lake Clark, and Denali vignettes. Other fieldwork conducted in 2011 was detailed in 
the Second Progress Report.  

Loso and one colleague, professional photographer JT Thomas, visited the three parks in summer 
2011. Thomas served in a volunteer capacity, donating his time and making his images available 
for use in all publications associated with this project in exchange for travel expenses (covered 
out of Loso’s travel budget under this agreement). Our work was conducted under Scientific 
Research and Collecting Permits issued by the respective parks. 

Thomas and Loso visited Katmai from June 13-19, 2011. The 13th, 14th, and 19th were used for 
travel to and from Brooks Camp, our base for visiting the Knife Creek Glaciers. While in Brooks 
Camp, we stayed at the NPS yurt. From the 15th to the 18th, we hiked on foot to the Knife Creek 
glaciers, backcountry camping during the trip. Fourpeaked Glacier was not visited. 

Table 4. Focus glaciers for each of Alaska’s 9 glaciated park units. “Snapshot” briefly denotes unique 
aspects of each glacier. PI Loso has personal knowledge of “visited” glaciers. Glaciers with a “poor” 
historic record may require additional work, outside the original scope, if they are to be included in the 
final report.  

 
 

From June 10-12, 2011, Thomas and Loso visited Lake Clark and stayed with NPS ranger Rich 
Richotte in Port Alsworth. We examined archived data with Richotte and also retired NPS staff 
member Page Spencer at the headquarters there, and on June 12 did an overflight of the focus 
glaciers with Richotte and Spencer. No landings were made. On June 6 and 7, 2011, Thomas and 
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Loso visited Kahiltna Glacier with UAF collaborators Anthony Arendt and Joanna Young. 
Travel to the Kahiltna was provided by NPS helicopter, which was used while en route to 
complete research work permitted separately by Arendt. We stayed one night at basecamp and in 
the morning completed additional fieldwork before returning to Talkeetna by fixed wing. 

The target objective for each focus glacier is a vignette that uses text, photos, maps, and other 
information to highlight unique aspects of that glacier and ways that the glacier reflects broader 
trends in glacier change statewide. A sample vignette was presented in the Second Progress 
Report. Most of these vignettes will be written during PI Loso’s sabbatical year (fall 2012 – 
spring 2013). Until that time, the interim objectives for each focus glacier are to gather all 
available resources (as described above), to organize and digest those resources, and to identify 
the dominant themes for later presentation in vignettes. In this report we summarize progress on 
this process with an annotated resource list organized by the tentative interpretive themes for the 
focus glaciers. 
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Results-Mapping 
Maps of glacier outlines, with associated geostatistics, were completed for all glaciers in GAAR, 
KLGO, and ANIA. In all three parks, modern outlines are based upon high-quality imagery 
(Ikonos or SPOT4) and we do not anticipate significant further refinements of these outlines. The 
full datasets upon which these results are based will be delivered in electronic format when the 
project is finalized, but NPS investigators may contact the mapping team (Arendt and Rich) if 
they wish to obtain preliminary data in advance of that time. We tentatively estimate errors in 
glacier area to be approximately 10%, with the primary sources of error in the relatively small 
glaciers of these park units being interpretive challenges posed by debris cover and shading, 
particularly on north facing slopes in the Brooks Range. The analysis presented here is focused 
on basic metrics of glacier change, but we ultimately plan a more robust analysis of the 
geostatistical component of the datasets (e.g. Bolch et al. 2010). Note that additional, higher 
resolution maps of glacier change are presented in Appendix C.  

Gates of the Arctic NP&P 
Mapped outlines for Gates of the Arctic NP&P are shown in Figure 8 and summarized in Table 
5. Note that map era photography dates range 1970-1990 for Gates, meaning the described 
changes are from a shorter time period than in some of the other park units in this study. In total, 
Gates had 253 glaciers mapped on the DRGs and 30% fewer in modern satellite imagery. In that 
same time, total glacier area decreased 43% from 96 km2 to 54 km2. Estimated total ice volume 
decreased a similar amount (47%), as would be expected since volumes are here calculated 
simply by scaling known area changes (Bahr et al. 1997; Radic and Hock 2010). These changes 
in area and inferred volume are largely due to the complete disappearance of many glaciers, 
especially in the northern portion of the park (Appendix C, Figures B1 and B2). Generalized 
terminus retreat, though common in many glaciers as well, is probably less important in Gates 
than in other Alaska region parks.  

Table 5. Summary statistics for glaciers in Gates of the Arctic NP&P. 

These overall changes are 
summarized on a per-glacier 
basis in Figure 9. Glaciers of all 
sizes diminished roughly equally 
in abundance (right panel), but 
ranking glaciers by mean 
elevation we see that the lowest 
and highest elevation glaciers 
were the least changed in 
abundance, while glaciers with a 

moderate mean elevation diminished most strongly (right panel). This result may be explained in 
part by the diminished role of warming temperatures in heavily shaded north-facing cirques 
(favored by the lowest elevation glaciers), and near summits of the Arctic mountains (occupied 
by the highest elevation glaciers). This pattern is also reflected by Figure 10, which shows 
change in total glacier coverage (rather than individual glaciers) as a function of elevation. Ice at 
and above the modal elevation (1500-1600 m in the DRGs, 1600-1700 m in satellite imagery) 
diminished most noticeably, with the least proportional change at the lowest elevations.  
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Figure 8. Changes in glacier area between map date and modern in Gates of the Arctic NP&P. See 
Appendix C for close-up maps. 
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Figure 9. Histograms of changes in number of individual glaciers by area-weighted mean elevation (left) 
and area (right) in Gates of the Arctic between map date (1970s-1990s) and modern (2006-2009). Note 
that in this and subsequent figures in this section, legend labels are general and dates should not be 
interpreted strictly. This will be corrected in the final reports. 

 
Figure 10. Total area of glacier-covered terrain in Gates of the Arctic by elevation between map date 
(1970s-1990s) and modern (2006-2009). 

Klondike Gold Rush NHP 
Mapped outlines for Klondike Gold Rush NHP are shown in Figure 11 and summarized in Table 
6. Map era photography dates are all 1948 for Klondike, with the significant exception of a 
relatively small number of glaciers on the Canada side of the border, which were photographed 
in 1987 (Appendix A). We emphasize here that because the boundary defining this population of 
glaciers was chosen somewhat arbitrarily (it is not defined even loosely by the NHP boundary), 
our change statistics could vary substantially if that population was redefined. Having said that, 
our population of glaciers grew 26% from 133 to 168 over the measured interval, while 
simultaneously losing 18% of its total glacier area and an inferred 28% of its volume, ending 
with 237.1 km2 of ice coverage and 110.7 km3 of ice volume.  
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Figure 11. Changes in glacier area between map date (1948 US, 1987 Canada) and modern in and 
around Klondike Gold Rush NHP. The glaciers shown in this figure are the subset included in calculations 
of glacier change presented elsewhere in this report. See Appendix C for close-up maps. 
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The map of glacier changes (Figure 11) suggests that the increase in glacier numbers is not due 
to appearance of many new ice masses, but is rather due to the shrinkage and dissection of 
existing larger glaciers into numerous smaller ice masses. The change in average glacier size 
over this interval, from 2.16 km2 to 1.41 km2, supports this interpretation. So does Figure 12, 
which shows the appearance of many new small and medium sized glaciers (right panel) 
concurrent with the loss of a small number of what we infer to be “parent” glaciers in the larger 
size classes.  

Table 6. Summary statistics for glaciers in and around Klondike 
Gold Rush NHP.  

The Ferebee Glacier (largest 
glacier in the southwest portion 
of Figure 11) provides an 
example: by shrinking over the 
last ~50 years, this single glacier 
broke up into three smaller 
glaciers. As expected with such 
changes, which arise from 
widespread terminus retreat, the 
typical mean elevation of 

individual glaciers in KLGO grew over the measured interval (left panel), and total ice coverage 
shrank significantly only in the lowest and middle elevations (Figure 13).  

 
Figure 12. Histograms of changes in number of individual glaciers by area-weighted mean elevation (left) 
and area (right) in and around Klondike Gold Rush between map date (mostly 1948) and modern (2010-
2011). For the purposes of this analysis, “around” is loosely defined as glaciers that contribute meltwater 
to land within the Park boundaries. 
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Figure 13. Total area of glacier-covered terrain in and around Klondike Gold Rush by elevation between 
map date (1948) and modern (2010-2011). 

Aniakchak NM&P 
Mapped outlines for Aniakchak NM&P are shown in Figure 14 and summarized in Table 7. Map 
era photography dates range from 1957-1962, and we reiterate that the exact capture dates for the 
satellite imagery are currently unknown but are in the 2005-2008 range. Aniakchak has few 
glaciers overall—19 in modern imagery—but that number has diminished over time, from 29 in 
the map era. Total glacier area, on the other hand, increased slightly from 4.1 to 4.4 km2. 
Interestingly, the changes in glacier number and coverage differ strongly across the park: small 
glaciers in the low peaks of the Aleutian Range on the eastern boundary of the park primarily 
shrank or disappeared, while larger glaciers in the caldera proper either grew or were mapped for 
the first time in satellite imagery (also seen in Figure 15). At this time, we cannot say definitively 
whether the “appearance” of ice in the Caldera reflects incorrect original mapping—perhaps due 
to enhanced tephra cover following the 1931 eruption of a small vent in the Caldera, but more 
likely due to an early summer aerial photo with heavy snowcover—or instead indicates that 
glaciers were in fact melted by that same eruption and have since returned. We are working on 
this through acquisition of additional photography, and will address this more completely in the 
final report. 
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Table 7. Summary statistics for glaciers in Aniakchak NM&P.  

  

 

The histogram of changes in number of individual glaciers by mean elevation (Figure 15) and a 
plot of total glacier area by elevation (Figure 16) also show that the glaciers forming or growing 
in the caldera are higher in elevation, generally, than those shrinking and/or disappearing in the 
eastern part of the park. This makes sense climatically, and suggests that the glaciers in the 
Caldera were indeed impacted by the 1931 eruption event (whether destroyed or simply covered 
by debris) and have since regrown. We again caution that this intriguing result may also be 
simply a function of mapping errors (omission of existing glaciers) in the original maps, and we 
are trying to locate the original aerial photography to confirm this result before the publishing the 
final report. 
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Figure 14. Changes in glacier area between map date and modern in Aniakchak NM&P. See Appendix C 
for close-up maps. 
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Figure 15. Histograms of changes in number of individual glaciers by area-weighted mean elevation (left) 
and area (right) in Aniakchak between map date (1957-1963) and modern (late 2000s). 

 

 
Figure 16. Total area of glacier-covered terrain in Aniakchak by elevation between map date (1957-1963) 
and modern (late 2000s). 

 
 

31 



 

 



 

Results-Elevation Change 
We have completed analysis of surface elevation changes and inferred volume changes for eight 
glaciers in Denali NP&P over one to three intervals for each glacier, as shown in Table 3. 
Complete results for those 21 individual analyses are presented in narrative and graphic form in 
Appendix D. Below, we begin with the example of Muldrow Glacier over two time intervals 
between 1994 and 2010 and then move on to summarize broader trends.  

 
Figure 17. Elevation difference results (upper panel) and area altitude distributions (below) from Muldrow 
Glacier during two time periods: 1994-2001 (left) and 2001-2010 (right). In upper plots, points are derived 
from raw laser point data, red lines are median values of a moving window of twelve datapoints, and 
dashed blue lines are upper and lower quartile values of the moving window. More points are visible in 
the right hand plot because it is based on a denser network of points from a laser scanning system. Other 
intervals for this glacier, and other glaciers, are shown in Appendix D. 

Muldrow Glacier (Figure 17) is one of two glaciers that actually gained mass (positive glacier-
wide mass balance) during some phases of our study period. The other is Traleika Glacier, a 
tributary to Muldrow Glacier that is affected by the same long-period surge cycle that affects 
Muldrow. Muldrow Glacier surged in 1956-1957 (Post 1960), and, as is typical of surging 
glaciers in their quiescent phase, has since then been replacing the mass lost from the Muldrow’s 
upper elevations (including the Traleika). This trend is exhibited in both panels of Figure 17, 
with thickening above ~1750 m in both time periods. Importantly, lower elevations of both 
glaciers have been losing mass throughout the time period, and the overall glacier-wide mass 
balance averaged over these two periods has been slightly negative (Figure 17), but for one short 
period within that time (2001-2008; Figure 18) the balance was actually positive. This is 
anomalous, in comparison with most other (non-surging) glaciers in the Alaska Range, but 
serves to illustrate the value of surface elevation profiles, which preserve the complicated details 
of glacier behavior masked by mapped surface extents alone. 
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As mentioned above, Muldrow and Traleika Glaciers are anomalous with respect to most 
glaciers in Denali, and the broader trends are better represented by a plot of glacier-wide mass 
balance rates: the most direct way of comparing volume changes on glaciers of different size 
(Figure 18). Compared with some other parks discussed in previous progress reports, however, 
these results are difficult to interpret for two reasons:  

1) Measurements on Denali Glaciers were not made at a uniform time in the melt season, as 
shown in Table 3 and Appendix D. This confounds our calculations of glacier-wide mass 
balance, as discussed in the methods section.  

2) Flights on different glaciers were conducted in different years, so that the intervals of 
comparison differ for each glacier.  

With these caveats in mind, the trends shown in Figure 18 reflect the expected pattern of general 
mass loss throughout the park. Besides Muldrow and Traleika, other glaciers sampled between 
1994 and 2010 exhibited modestly negative glacier-wide balance rates between -0.7 and -2.2 
m/yr w.e. If more profiles are flown in the next year, we will include those data in the final 
project report. 
 

 
Figure 18. Glacier-wide mass balance rates (m/yr) for nine glaciers from Denali NP&P over multiple time 
periods between 1994 and 2010. Rates are averaged over the period spanned by each bar—note that 
some glaciers have overlapping averages from multiple intervals. See Appendix D and text for complete 
details, including confidence intervals that are excluded here for clarity and discussion of problems with 
seasonality of data acquisition. 
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Spatial and temporal trends in volume change, by elevation, are shown in Figures 19 and 20. 
Figure 19 shows changes in Toklat Glacier over several time periods, and the pattern is typical: 
thinning over most of the glacier surface, but most accentuated at the terminus. From 2008-2010, 
the Middle Toklat Glacier did show slight thickening at its highest elevations, but at all other 
elevations the thinning is actually enhanced relative to earlier periods. Several larger (than 
Toklat) glaciers are shown in Figure 20. Patterns vary among these glaciers. Muldrow and 
Traleika exhibit the overall pattern of accumulation zone thickening and ablation zone thinning 
summarized previously, while the other glaciers on the south side of the Alaska Range (which 
are all non-surging) show a more generalized pattern of thinning. There are two notable 
exceptions: the terminus of Kahiltna Glacier thickened from 2008-2010, and from 2001-2008 
Tokositna Glacier thickened in two distinct areas: at the terminus and at mid-elevations from 
800-1000 m. We don’t have a clear interpretation for either of these observations, but both 
present questions about ice dynamics that additional profiles may help to answer. Overall, 
temporal trends are difficult to discern, especially with the complications mentioned previously, 
but it is clear that thinning is the predominant behavior of surveyed glaciers since 1994, even 
including the observations of Muldrow and Traleika.  
 
 

 
Figure 19. Annual rate of ice thickness change, by elevation, for Toklat Glaciers (1, 2, and 3, from east to 
west respectively) in Denali National Park & Preserve. Mapped values reflect averages over time periods 
shown by white text on figures. See Appendix D for underlying data. 
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Figure 20. Annual rate of ice thickness change, by elevation, for selected glaciers in Denali National Park 
& Preserve. Clockwise from lower left, mapped glaciers are Kahiltna, Muldrow, Traleika, Ruth, and 
Tokositna. Mapped values reflect averages over time periods shown by white text on figures. See 
Appendix D for underlying data.
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Results-Focus Glaciers 
As described earlier, the focus glacier component of this project will culminate in creation of a 
narrative-based and graphic rich vignette for each glacier. Fieldwork and resource collection 
associated with creation of these vignettes was described in the methods sections, and included 
field visits to some (not all) of the focus glaciers in Parks targeted in this report: Denali, Katmai, 
and Lake Clark.  

Creation of the vignettes for each focus glacier will primarily be completed during Loso’s 
sabbatical year (fall 2012 – spring 2013), but a sample vignette was constructed for Knife Creek 
Glacier (Katmai NP&P) to present (in poster form) at the National Park Service Southwest 
Alaska Science Symposium, November 2-4 2011 in Anchorage, AK. The poster was then edited 
and vetted by NPS personnel and project collaborators and the revised version was included in 
the Second Progress Report. We do not present it again here, but reference it for two reasons:  

1) The Knife Creek Glacier vignette will serve as a model for creation of further vignettes as 
we commence planning for the layout and design phase for the final report. Individual 
vignettes will vary from 4-8 pages, depending on the amount of information available for 
each glacier.  

2) The vignette happened to be for a glacier in Katmai National Park, a unit scheduled for 
presentation in this Third Progress Report. We refer to it here for the sake of 
completeness. 

As in the first progress report, when focus glacier results for Glacier Bay NP&P were presented, 
our approach here is to summarize, by glacier, the interpretive themes that will serve to 
document the most unique aspects of the focus glaciers presented in this report: those in Denali, 
Katmai, and Lake Clark NP&P. In this context, we also cite those resources (documents, maps, 
reports) we have accessed to support our efforts. We welcome suggestions of additional 
resources not included in this section, particularly from our NPS collaborators, and will highlight 
below those focus glaciers where resources are so scarce as to potentially compromise the 
suitability of a given glacier as a “focus glacier.”  

Denali NP&P 
Focus glaciers in Denali NP&P include Kahiltna, Muldrow, and Toklat Glaciers. 

Kahiltna Glacier 
Kahiltna Glacier is a very large (over 70 km long) valley glacier that arises on the south and west 
flank of Mt. McKinley, the highest mountain in North America. It is notable for its size (only the 
Bagley Icefield is larger among the focus glaciers), but the Kahiltna is probably most unique in 
Alaska for hosting the state’s most popular mountaineering route: the West Buttress (Coombs 
1997). Over 1200 climbers per year, including many international groups, spend an average of 
18 days on the West Buttress route, and it is further the subject of many hundreds of flightseeing 
overflights and landings each climbing season. It is intimately experienced by a large number of 
people and is also highly visible to the public. There is a large amount of data available for the 
Kahiltna: it is an index glacier monitored by NPS (Adema 2006), it has been studied by many 
scientific expeditions (e.g. Campbell et al. 2012), and it has been repeatedly mapped and imaged. 
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The narrative we will focus on, however, is the effect of warmer temperatures (and the 
consequent rise in ELA) on climbing and flightseeing activity. Changes in mass balance have 
been documented by the park’s index glacier program and by ongoing work under the direction 
of coauthor Arendt, and will be used to validate anecdotal evidence (primarily from air taxi 
operators) of the decreasing quality of available glacier landing strips on the Southeast Fork 
Kahiltna Glacier, and the shortened season in which those strips are even usable. On a related 
note, we will discuss the impacts of enhanced melting on emergence of trash and human waste 
disposed by climbers (Goodwin et al 2012).  

Muldrow Glacier 
Muldrow Glacier is the north-draining counterpart to Kahiltna Glacier, emerging from the Mt. 
McKinley summit to flow towards Wonder Lake and the most heavily-visited part of the Park. It 
is most unique in the focus glacier group for being a well-known surging glacier, and this will 
form the primary narrative theme for this glacier. The surges of the Muldrow were first noted by 
Post (1960), and were later addressed further by Harrison (1964, 1970), and the post-surge 
evolution of the glacier (and its tributary, Traleika Glacier) is being addressed, using repeat 
altimetry data, by coauthors Murphy and Larsen. We hope to use preliminary results from that 
investigation in our final report. We will complement that narrative with repeat photography, 
including original photos by S. Capps and B. Washburn, and repeat imagery by G. Adema and R. 
Karpilo. With permissions, we will use these in the vignette.  

Toklat Glacier 
Toklat Glacier is the name given to three distinct glaciers on the north side of the Alaska Range. 
These glaciers are much smaller (<10 km length) than the Kahiltna and Muldrow, to the west, 
and more rarely visited. Denali NPS staff has been surveying the changes to Toklat Glacier (East 
Fork and Middle Fork) for some time (Adema 2007), and these results will be included in a more 
extensive set of extent maps for these glaciers. We also have altimetry profiles for these glaciers. 
It is not clear to us, at this time however, what a primary narrative theme for the Toklat Glaciers 
should be. Debris cover has played a role in mapping challenges on the Toklat Glaciers for some 
time, and medial moraines on Toklat Glacier have served as examples of medial moraine 
evolution (Anderson 2000). This may serve as one narrative theme, and allows inclusion of novel 
research on microbial (as opposed to botanical) succession on moraines of the Toklat Glacier 
(Concienne 2008, Darcy et al 2011). Nonetheless, we would appreciate feedback from our 
agency collaborators on the best approach to the vignette for these glaciers.  

Katmai NP&P 
Focus glaciers in Katmai NP&P include Fourpeaked and Knife Creek Glaciers.  

Fourpeaked Glacier 
Fourpeaked Glacier is a lake-terminating, calving glacier that flows east off of Fourpeaked 
Mountain in northeastern Katmai NP&P. Fourpeaked Mountain is a stratovolcano that was 
considered dormant prior to a several month period of moderate seismic and venting activity that 
began in September 2006. The activity tapered in June 2007, and never deposited a significant 
(cm to meters) layer of tephra on the glacier (Gardine et al 2011, McGimsey et al 2011). For this 
reason, Fourpeaked Glacier provides an interesting (and more typical, when viewed in the 
context of other southern Alaskan glaciers) contrast to the effects of the catastrophic Novarupta 
eruption on nearby Knife Creek Glaciers. It did, however, involve disruption of glacier ice on the 
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north flank of the mountain, generating significant debris flows that disrupted some portions of 
the glacier (Cervelli and West 2007) and represent another narrative theme: the hazards posed by 
debris flows and, in particular, lahars associated with volcanic eruptions on glaciated mountains 
(e.g. Huggel 2009). This narrative theme will afford some opportunity to discuss the well-studied 
Drift River lahars associated with the 1989-1990 eruption of Mount Redoubt (Dorava and Meyer 
1994). We note, however, that at this time we have essentially no reports, articles, laser 
altimetry, or first-hand accounts of the Fourpeaked Glacier with which to make these narrative 
themes clear and accessible. Furthermore, Tuxedni Glacier (Lake Clark NP&P—see below) 
offers a much better documented opportunity to discuss these same themes. It is unclear what 
Fourpeaked would add to the narrative. Additional data from NPS collaborators would be very 
welcome. 

The Knife Creek Glaciers 
The Knife Creek Glaciers, as summarized in the vignette presented in the Second Progress 
Report, are a complex of related (but not all connected) ice masses that drain north and west 
from Katmai, Trident, and Griggs Volcanoes at the head of the Valley of Ten Thousand Smokes. 
The glaciers are small, and were unremarkable until they were blanketed with many meters of 
volcanic tephra and pyroclastic debris after the catastrophic eruption of nearby Novarupta 
volcano in 1912 (Griggs 1922). The eruption was only kilometers away, and was the largest of 
the 20th century. Knife Creek Glaciers therefore provide an “end-member” representation of how 
volcanic eruptions and associated tephra-fall can affect glaciers. No other Alaskan glacier has 
been so thoroughly buried by volcanic debris, and the effects of this burial constitute the primary 
narrative for them. Fortunately, the Knife Creek Glaciers were visited and described shortly after 
the eruption (Griggs 1922, Fenner 1926) and were photographed and more thoroughly examined 
again in 1957 (Muller and Coulter 1957). We revisited and re-photographed the Knife Creek 
Glaciers in 2011, and spoke with John Eichelberger, a contemporary field scientist with a long 
history in the Valley (Eichelberger 2006), for his perspective. We will also utilize a shuttle radar 
topography mission (SRTM) DEM to provide a new analysis of elevation change over the last 
~decade, taking advantage of existing laser altimetry profiles for these glaciers too. 

 

Lake Clark NP&P 
Focus glaciers in Lake Clark NP&P include Tanaina, Turquoise, and Tuxedni Glaciers. 

Tanaina Glacier 
Tanaina Glacier is a local, informal name for a large (~30 km long) glacier flowing south from 
the Neacola Mountains (just outside the park boundary) towards Lake Clark Pass. Lake Clark 
Pass is heavily traveled by aircraft flying to Port Alsworth and other areas in western Alaska, and 
Tanaina is thus frequently seen and photographed. At the glacier terminus, meltwater historically 
discharged both west (into Tlikakila River) and east (into North Fork Big River), but it now 
drains primarily east. Tlikakila River contributes over one-half of the inflow to Lake Clark, and 
provides important salmon habitat that prompted early studies by Brabets (2002) and Brabets et 
al (2004). Brabets described the effects of Tanaina and other glaciers in the watershed on the 
hydrology of the river, and especially focused on the effects that changes to these glaciers 
(primarily retreat) have on salmon productivity. Documentation of these effects is mostly 
anecdotal for Tanaina Glacier proper, but provides an opportunity to describe the more 
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generalized hydrologic effects of glacier changes, and the concomitant effects on salmon 
productivity elsewhere. We have existing laser altimetry profiles for this glacier, and also 
contemporary photography collected in 2011. 

Turquoise Glacier 
Turquoise Glacier is a small (~12 km long), relatively simple valley glacier that feeds Turquoise 
Lake via a 6 or 7 km long proglacial stream. We have existing laser altimetry profiles for this 
glacier, and can reconstruct changes via map extents using historical imagery, but beyond this we 
have no information with which to construct a coherent narrative theme for this glacier. Due to 
weather, we were unable to visit this glacier in 2011, and we have found no published resources 
describing the glacier or unique aspects of its behavior. We welcome contributions from our 
collaborators. 

Tuxedni Glacier 
Tuxedni Glacier is a surge-type glacier (Post 1969) on the slopes of Mount Iliamna—an active 
3053 m high stratovolcano. Evidence of multiple debris avalanches and lahars on Mount Iliamna 
glaciers—including Tuxedni—has been well studied (Waythomas et al 2000). On Iliamna, 
extensive exposures of hydrothermally altered / weakened granitic rocks combined with high 
heat flow near the summit region combine to favor glacier activity (surging, ice and debris 
avalanches, lahars) that suggest a narrative focus on volcanic hazards. Surging will also be 
discussed in the context of the Muldrow Glacier, where the surge cycle has been more 
thoroughly documented, so we will focus more on the hazards aspect with Tuxedni. Tuxedni also 
has good datasets available, including existing laser altimetry profiles, an early map we are 
working on acquiring (it was evidently mapped for the first time on or just before 1912 on Coast 
Survey Chart 8554 according to Reid 1915), and extensive satellite image analyses (Huggel et al 
2007). A completely separate narrative theme is suggested for Tuxedni by recent monitoring of 
vascular plant populations on nunataks in southwest Alaska, including a nunatak on the Tuxedni 
Glacier (Miller et al 2006). Nunataks are common throughout glaciated Alaska, but few have 
been carefully studied, and Tuxedni happens to be one of the few. While no endemic species or 
range extensions were documented in the Miller study, it does present an opportunity to discuss 
the ecological role of nunataks, and/or refugia, in Alaska ecology (e.g. Petit et al 2003). 
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Discussion 
Preliminary Highlights 
The data presented here are preliminary, but serve well to document our approach to, and 
progress on, this project. Some of the details of our analytical techniques are still evolving, but 
the general presentation has now been vetted in several meetings and two prior progress reports. 
Accordingly, the language and structure of this progress report is largely similar to the previous 
one and our focus here has been on documenting new datasets. The following trends emerge 
from this preliminary work.  

• Gates of the Arctic NP&P was less than 1% glaciated in both mapping periods 
(nominally 1970s and 2000s), but ice cover diminished 43% (from 95.6 to 54.0 km2). 

• Klondike Gold Rush NHP has almost no glacier cover, but ice cover in watersheds 
draining into or near the Park diminished 18% from 288 to 237 km2 (1948-2011/11). 

• Aniakchak NM&P was less than 1% glaciated in both mapping periods, but ice cover 
grew 8% over that period (from 4.1 to 4.4 km2). This is likely an artifact of mapping 
errors in the original cartography. 

• The total number of glaciers declined in two of the three mapped parks (by 30% in Gates 
and by 34% in Aniakchak), but glacier numbers increased 26% in in the study area 
around Klondike. This result in Klondike is likely due to fragmentation of glaciers into 
multiple smaller ice masses.  

• Using laser altimetry, we measured 21 distinct intervals of elevation change among eight 
glaciers in Denali NP&P from 1994 - 2010. Interpretation of these changes is 
complicated by collection of the profiles during different portions of the melt season.  

• Of the glaciers measured by repeat laser altimetry in Denali, two had positive glacier-
wide mass balance rates for some portion of the measured period: Muldrow Glacier 
(2001-2008) and its tributary Traleika Glacier (2001-2010). We attribute this to 
thickening of the upper elevations of this surging glacier system during the quiescent 
post-surge phase. Lower elevations of these glaciers were consistently thinning, and over 
the entire 1994-2010 period Muldrow had an overall negative mass balance rate. 

• All other glaciers and intervals in Denali had negative mass balance rates (overall 
thinning) ranging from -0.7 to -2.2 m water equivalent per year, but interpretation of 
these results is complicated by inconsistency in the seasonality of measurements. The 
lowest measured balance rate was on east Toklat Glacier from 2008-2010.  

• We visited and photographed glaciers in Denali, Katmai, and Lake Clark NP&Ps in 
summer 2011. Sample interpretive themes for their focus glaciers are presented herein. 

• A sample vignette from Knife Creek Glacier in Katmai was presented in the Second 
Progress Report, has now been vetted by NPS personnel and project collaborators, and 
will serve as the model as we commence planning for the layout and design phase for the 
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final report. Negotiations are underway to hire a graphic designer for the interpretive 
report. 

Challenges 
As this project progresses, new challenges and questions emerge. Our goal in including them 
here is to open a discussion about these items. We emphasize that these progress reports are not 
intended to present final results or conclusions, but to stimulate discussion that will improve the 
final reports. To emphasize these points for discussion, we itemize some of these challenges 
below, in no particular order. 

• Extreme sun angle and debris cover combine in Gates of the Arctic to make this region 
more difficult to map. Differences between map data and modern may just as likely be 
the result of incorrect mapping as it is ice loss or gain.  

• Early topographic mapping at Aniakchak may have omitted some existing glaciers, 
particularly in the caldera, and incorrectly added some others that were merely 
snowfields in the eastern portion of the Monument. As with Gates, this makes 
interpretation of extent differences problematic. In both cases, we will examine additional 
imagery to assist us with our interpretation. At Aniakchak, a field visit might also be very 
valuable prior to the conclusion of this project. 

• We are still working with the NPS to assign more accurate dates to the mosaicked 
imagery used to generate outlines in Lake Clark and Aniakchak. 

• Denali elevation change data are compromised by seasonal variations. We may be able to 
quantify some of these changes more thoroughly in subsequent reports, but the 
interpretation challenge is not completely solvable with existing data. If additional 
profiles are flown before completion of the final project, we may be able to augment our 
conclusions with that new data. 

• Additional quantification of these and all other errors are of obvious importance for the 
final report, but especially in the case of archival maps not created by our group (such as 
the Aniakchak topographic maps), it may be impossible for us to quantify the errors of 
other cartographers. 

• NPS has expressed interest in extrapolation of volume change results to other glaciers, 
but we question the utility of such an extrapolation. This will require further discussion. 
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Appendix A: Data Sources for Mapping 
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Appendix B: Data Products Exported From Extent Mapping 
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Appendix C: Close-up Maps of Glacier Extent Changes 

 
Figure C1. Close-up of northwestern Gates of the Arctic glaciers. 
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Figure C2. Close-up of NE Gates of the Arctic glaciers. 
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Figure C3. Close-up of southwestern Gates of the Arctic glaciers. 
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Figure C4. Close-up of northern Klondike Gold Rush glaciers. 
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Figure C5. Close-up of western Aniakchak glaciers. 
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Figure C6. Close-up of eastern Aniakchak glaciers. 
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Appendix D: Elevation and Volume Change Analyses 
Narrative summaries of elevation changes for individual glaciers during discrete time intervals 
are followed by plots of all summarized data. 

Kahiltna Glacier (1994, 2008, 2010) 

1994 – 2008: Overall good coverage for a laser profiler to laser profiler comparison. The data 
show a generally consistent story with more negative change lower on the glacier. The Kahiltna 
extends up to elevations of ~4700 m and so we miss about 47 sq. km of the glacier. However, the 
missed areas are all the highest elevations (typically the cirques, etc. at the head of the glacier) 
and likely have little consequence for the overall values. The mass balance and change estimates 
are based on the measured area only (the elevation range included in the plot). 

1994 – 2010: Excellent data coverage and spread. This is a laser profiler to scanning LiDAR 
comparison. It’s a fall to spring comparison, but covers a period of 16 years, which should 
reduce the impact of the snow effect. We don’t include any corrections for the difference in 
seasons for these cases, preferring instead to present the data as is.  

2008 – 2010: About 50% greater loss rate compared to the 1994 – 2010 comparison, so it’s 
likely that wastage rates are increasing. Joanna Young (Anthony Arendt’s master’s student who 
is working on Kahiltna) believes they’ve seen a kinematic wave moving through the toe of the 
glacier. The positive elevation change < 500 m may reflect passage of this wave. 

Muldrow (and Traleika) Glacier (1994, 2001, 2008, 2010) Traleika (2001, 2008, 2010) 

 Brief summary of Muldrow: Muldrow is a long-period surging glacier and last surged over 1956 
– 57 (documented by Post, 1960). The elevation changes we’re seeing here are consistent with 
typical elevation changes during the quiescent phase of a surging glacier and increasing wastage 
over the years—especially noticeable in the last 5-10 years. The upper Muldrow (above the 
Traleika confluence) and Traleika glaciers have maintained an overall positive mass change for 
all periods measured, but this positive mass change is typically overwhelmed by the negative 
mass change in the lower Muldrow. However, the total mass change stays close to zero, which is 
typical for a surging glacier in a quiescent phase. Long story short, the elevation changes we’re 
seeing are only partially influenced by climate due to the surging nature of Muldrow.  

1994 – 2001: Data coverage is pretty sparse and the large medial moraines on Muldrow 
(especially lower Muldrow) hurt the precision of the difference measurements by creating large 
spreads in the DZ data at a given elevation (example at about ~1350 m in this plot). The old 
profiler system, with its single point measurements, was vulnerable to these types of topography 
effects. Despite the sparse data and medial moraine complication, the elevation changes tell a 
fairly consistent story of elevation loss at lower elevations and gains at high elevations.  

1994 – 2010: The scanning LiDAR data tend to appear worse since the LiDAR provides 
matching points with every profiler point and creates an even more pronounced vertical spread. 
Since the medial moraines are larger and more common on the lower Muldrow, the vertical 
spreads are more pronounced < ~1700 m. However, the data do show enough clumping of 
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elevation changes that we’re fairly confident with the modeled line (red line). On the upper 
Muldrow (> ~1700 m) the elevation changes show variation between +2 m/yr to slightly negative 
values (max of -1 m/yr at ~2800 m), but overall the upper Muldrow shows relatively smaller 
elevation changes compared to the lower Muldrow.  

The Traleika was not flown in 1994 and so there are no profiles previous to 2001 for the 
Traleika. Also, since the 2001 – 2008 and 2001 – 2010 profiles are so similar we only the 2001 – 
2010 and 2008 – 2010 profiles. 

2001 – 2010: Overall a similar story to the 1994 – 2010 plot. Wastage on the lower Muldrow, the 
medial moraines and entrance of the Brooks Glacier (it shifts the moraines around on Muldrow) 
tend to throw off elevation change measurements in some areas. The positive elevation change 
from ~1700 m to 2400 m includes the entrance of the Traleika up to above the Muldrow icefall. 
The positive bump at the upper limit of the profile (>3300 m) is an artifact of the smoothing code 
and the spread of the DZ data and is unlikely a real change. This is an area of the code I’m still 
working on perfecting, but still causes some problems in cases like this (basically there’s a clump 
of DZ values at ~2 m/yr at the top elevation of the data range that distort the top end of the 
model line).  

The Traleika shows significant elevation increase at about 1 – 2 m/yr for most of its main trunk. 
The large elevation increase at its confluence with the Muldrow may be due to ice flowing down 
the Traleika and dramatically slowing or even stopping when it hits the Muldrow. At 2100 – 
2180 m there are two different trends in the elevation data about 0.5 m/yr different. However, 
this split in the elevation measurements has little effect on the glacier-wide calculations, and so 
we have not yet attempted to identify and remove the bad data. 

2008 – 2010: The vertical spread in the data on this plot is a combination of the effects of 
shifting medial moraines (2008 was still the old laser profiler) and the much shorter two-year 
period (dividing by more years mutes the vertical spread). However, there’s still decent clumping 
of data that the modeled line follows reasonable well and so we’re reasonably confident in these 
elevation change measurements. Similar story to previous years, wastage on the lower Muldrow 
with a bump from the Traleika confluence (~1700 m) to the base of the Muldrow icefall (~2100 
m) and near zero changes above the icefall. The dip of the model line at the uppermost elevations 
(3300 – 3500 m) is an artifact similar to the positive artifact in the 2001 – 2010 plot.  

The Traleika shows similar overall behavior as the 2001 – 2010 changes, but with more variation 
in the elevation changes. The data are well sampled throughout the profile. Similar to the 
Muldrow plots, the deviation at the top of the profile is an artifact of the spread in DZ values and 
modeling code. The section of code responsible for these deviations at the upper boundary will 
be fixed in the future.  

Ruth Glacier (2001, 2008) 

2001 – 2008: Over this period Ruth shows a fairly consistent story as other non-surging Denali 
glaciers: wastage generally higher at lower elevation and decreasing with increasing elevation.  

Toklat 1 (East) Glacier (1996, 2001, 2008) 
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1996 – 2001: It’s a very sparse profile , but shows what are fairly typical negative elevation 
changes for the Denali glaciers.  

1996 – 2008: Also a sparse profile, but it’s currently the best we have. The 2001 – 2008 
comparison is not included because it’s even sparser than either of the included profiles. Same 
story as elsewhere: elevation loss. However, with no measurements for much of the glacier this 
is likely an overestimate of the wastage (if we assume there is less wastage at higher elevations).  

Toklat 2 (Middle) Glacier (2001, 2008, 2010) 

Toklat 2 has the benefit of being flown with the scanning LiDAR in 2010, which essentially 
makes all previous profiles useful. Unfortunately though, there aren’t many other profiles for 
Toklat 2. The 2005 profile has extremely limited coverage and is essentially useless.  

Even though it’s small, Toklat 2 has two roughly equal-area branches, designated east branch 
and west branch. The laser altimetry data cover both branches and so we present them separately 
to avoid contaminating the results of one branch with elevation changes from the other branch. 

2001 – 2010: Overall the east and west branches are both robust profiles with continuous data 
points and little variation in DZ at any given elevation. The toe of the glacier is included in the 
west branch. Similar elevation changes as other glaciers in Denali: more loss at lower elevation 
and less loss at higher elevations.  

2008 – 2010: Elevation losses have increase slightly (30 – 40 %) compared to the longer period 
from 2001 – 2010, which suggests mass balances are increasingly negative— Which is similar to 
the cases of other Denali glaciers in the study. 

Toklat 3 (West) Glacier (2001, 2008) 

Toklat 3 is a similar story to Toklat 1—without a 2010 scanning LiDAR profile we don’t have 
many points of comparison. Only the 2001 – 2008 data provide enough points to be worth 
showing and they show the usual story of elevation loss decreasing with increasing elevation. 

Tokositna Glacier (2001, 2008) 

The Tokositna data are difficult to interpret. Elevation changes from 2001 to 2008 bounce from 
strongly negative up to 700 m and then hover around zero up the glacier. This may be due in part 
to the clumpiness of the data (clumps at ~750 m, ~1100 m, and ~1400 m) and the scatter of the 
data within the clumps. At this point it’s difficult to know if anything beyond is driving these 
elevation changes. Once we can have a scanning LiDAR profile of Tokositna in the future, we 
should have more continuous coverage of the glacier and have a better idea of the Tokositna’s 
behavior.  
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Figure D1. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Kahiltna Glacier. Beginning and ending dates are given in the figure title, with 
year before the hyphen and day of year after. 
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Figure D2. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Kahiltna Glacier. Beginning and ending dates are given in the figure title, with 
year before the hyphen and day of year after. 
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Figure D3. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Kahiltna Glacier. Beginning and ending dates are 2008-138 and 2010-143. 
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Figure D4. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Muldrow Glacier. Beginning and ending dates are given in the figure title, 
with year before the hyphen and day of year after. 
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Figure D5. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Muldrow Glacier. Beginning and ending dates are given in the figure title, 
with year before the hyphen and day of year after. 
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Figure D6. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Muldrow Glacier. Beginning and ending dates are given in the figure title, 
with year before the hyphen and day of year after. 
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Figure D7. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Muldrow Glacier. Beginning and ending dates are given in the figure title, 
with year before the hyphen and day of year after. 
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Figure D8. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Muldrow Glacier. Beginning and ending dates are given in the figure title, 
with year before the hyphen and day of year after. 
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Figure D9. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Muldrow Glacier. Beginning and ending dates are given in the figure title, 
with year before the hyphen and day of year after. 
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Figure D10. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Ruth Glacier. Beginning and ending dates are given in the figure title, with 
year before the hyphen and day of year after. 
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Figure D11. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Toklat 1 Glacier. Beginning and ending dates are given in the figure title, with 
year before the hyphen and day of year after. 
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Figure D12. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Toklat 1 Glacier. Beginning and ending dates are given in the figure title, with 
year before the hyphen and day of year after. 
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Figure D13. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Toklat 2 (east branch) Glacier. Beginning and ending dates are given in the 
figure title, with year before the hyphen and day of year after. 
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Figure D14. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Toklat 2 (east branch) Glacier. Beginning and ending dates are given in the 
figure title, with year before the hyphen and day of year after. 
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Figure D15. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Toklat 2 (west branch) Glacier. Beginning and ending dates are given in the 
figure title, with year before the hyphen and day of year after. 
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Figure D16. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Toklat 2 (west branch) Glacier. Beginning and ending dates are given in the 
figure title, with year before the hyphen and day of year after. 
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Figure D17. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Toklat 3 Glacier. Beginning and ending dates are given in the figure title, with 
year before the hyphen and day of year after. 
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Figure D18. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Tokositna Glacier. Beginning and ending dates are given in the figure title, 
with year before the hyphen and day of year after. 
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Figure D19. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Traleika Glacier. Beginning and ending dates are given in the figure title, with 
year before the hyphen and day of year after. 
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Figure D20. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Traleika Glacier. Beginning and ending dates are given in the figure title, with 
year before the hyphen and day of year after. 
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Figure D21. Details of calculated elevation changes by elevation (upper panel) and the area altitude 
distribution (lower panel) for Traleika Glacier. Beginning and ending dates are given in the figure title, with 
year before the hyphen and day of year after. 
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