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Executive Summary

This is the fourth 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 and from measurements of surface elevation change for some glaciers in Kenai
Fjords National Park (NP) and Wrangell-St. Elias National Park and Preserve (NP&P). With the
exception of some surface elevation analyses in Wrangell-St. Elias NP&P, we have
accomplished all tasks on schedule for this deliverable. Significant results include the following:

Glaciers in Kenai Fjords NP (including portions of the Harding Icefield outside the park
boundary) increased in number by 25%, from 297 to 498 between the two mapping
periods (nominally 1950-51 to 2005-07).

Glacier cover in Kenai Fjords NP decreased 11% over the same period, from 2603 to
2323 km?. This was accomplished mainly through terminus retreat of the larger glaciers.

Glaciers in Wrangell-St. Elias NP (including substantial contiguous ice cover in adjacent
Canada) also increased in number over the mapping period, from 5421 to 5816. The
mapping period in Wrangells is more broadly defined: 1948-1973 to 2006-2011.

Wrangell-St. Elias is the most heavily glaciated park unit, with 38,198 km? of ice (again,
including Canada) in recent satellite imagery, down 5% from the map date interval. Ice
loss was heavily influenced by a few large glaciers in Icy Bay and the Bering Glacier.

In both park units, it was mostly very small (<1 km?) glaciers that increased in number.
We attribute this mostly to the effect of better resolution imagery and more detailed
mapping, rather than creation of new ice.

Using laser altimetry, we measured and analyzed 37 distinct intervals of elevation change
among twelve glaciers in Kenai Fjords NP and 13 distinct intervals among five glaciers in
Wrangell-St. Elias NP&P. Additional glaciers in Wrangell-St. Elias have been measured,

but analyses are not complete and will be presented in a subsequent report.

Glaciers in Kenai Fjords NP all lost volume over the 1994 (or 1996) to 2007 period, but
there is some evidence that most of this loss occurred after 2001. We are uncertain of this
latter interpretation, which may be an artifact of a deep snowpack in 2001.

Two large interior land-terminating glaciers in Wrangell-St. Elias showed similar
thinning rates, with glacier-wide average rates of under 0.5 m/yr after 2000. Coastal and
tidewater glaciers were more variable over time, including some gain in mass by Guyot
and Yahtse Glaciers between 2009 and 2012.

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.
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e Collection of existing data, published reports, and photographs for the focus glacier
component of the project is essentially complete, and an artist is contracted to do design
and layout for the ~200 page interpretive report. A sample layout is included here.
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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.

Extent Mapping Volume Change Focus Glaciers
I3rincipal Dr. Anthony Arendt Dr. Chris Larsen Dr. Michael Loso
Investigator
Affiliation |Geophysical Institute, Geophysical Institute, Environmental Science Dept,
University of Alaska Fairbanks University of Alaska Fairbanks Alaska Pacific University
Contact |arendta@gi.uaf.edu chrs.larsen@gi.uaf.edu miloso@alaskapacific.edu
Analyses |Map modern and historic Determine glacier surface Graphic/narrative summary of
outlines of glaciers from topo  elevation changes over time glacier response to climate
maps and satellite imagery with repeat laser altimetry and landscape-scale impacts
Glacier |All glaciers in all units, some Existing coverage: ~1000 total 1-3 per park unit
Coverage |park-adjacent glaciers flightlines in parks

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



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 2 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 4

This is the final 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 Kenai Fjords
and Wrangell-St. Elias (extent mapping and volume change). Volume change analyses for
Wrangell-St. Elias are not complete at the time of this report, however, and only some are
included. All remaining WRST analyses will be presented as part of the final report.

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
subsequent progress reports, including this one, 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.



Table 2. Schedule for project tasks and deliverables. Report is under the direction of Loso, but relies

substantially on timely contribution by all collaborators.

Date

9/30/M1

33012

930112

33013

S3113

930M13
111A3
121513

* only as dictated by actual fieldwork

Glacier Bay, Denali

Extent Mapping-Arendt Volume Change-Larsen Focus Glaciers-Loso

Reporting-Loso et al.

Katmai, Lake Clark

Gates of the Arctic,
Klondike, Aniakchak

Kenai Fjords, Wrangell- Kenai Fjords, Wrangell-

St. Elias

Remaining data and
analyses

Report review

Katmai, Lake Clark

Remaining data and

Report review

Glacier an

Summary of field
efforts™

Katmai, Lake Clark,
Denali

Summary of field
efforts*

Remaining data and
analyses

Report prep

Report prep

F’rogress ﬁeport 1
Progress Report 2
Progress Report 3
Progress Report 4
Progress Report 5

Draft Final Report

Final Reports






Study Areas

Alaska is the largest and most heavily glaciated of the fifty United States. With an area of
1,530,693 km?, approximately 5% of the land area is covered by glacial ice (Post and Meier,
1980). Roughly 18,500 km? 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 two of those units: Kenai Fjords (Figure 1) and Wrangell-St.
Elias (Figure 2). Overview maps of park and modern glacier boundaries for each unit are
presented here, and we describe them in more detail below.

Kenai Fjords National Park

Kenai Fjords National Park (Figure 1) was established in 1980 by the Alaska National Interest
Lands Conservation Act (ANILCA) to preserve fjord and rainforest ecosystems, the Harding
Icefield, and marine and terrestrial wildlife. The park includes 2711 km? of terrain along the
southeastern Kenai Peninsula, and is dominated in map view by the ~750 km? Harding Icefield,
its distributary glaciers, and convoluted fjord systems on the park’s southern marine margin. The
topography of the park is almost completely mountainous, with elevations ranging from sea level
to 1996 m on the Harding Icefield. Though largely wilderness, the park is accessible by road
from the city of Seward, about 150 km south of Anchorage. The popular park access road
terminates at Exit Glacier—an outlet of the Harding Icefield and one of the most visited glaciers
in Alaska. The climate of Kenai Fjords is cool and wet. At sea level on the coastal side of the
park in Seward, the average January low temperature is -6° C and the average July high is 17° C,
with an average total annual precipitation of 168 cm. Precipitation is much higher on the Harding
Icefield and diminishes rapidly on the leeward side of the mountains northwest of the park. In the
most recent imagery, there are 498 glaciers in and adjacent to the park (as shown in Figure 1),
ranging from small glaciers less than 1 km? to the Tustumena Glacier at 393 km?2. Average
glacier area is 4.7 km2. Within the park boundary, glaciers range from 59° 25’ to 60° 16° N and
from 149° 32’ to 150° 59 W.
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Wrangell-St. Elias National Park and Preserve

Wrangell-St. Elias National Park and Preserve (Figure 2) is the largest NPS unit in Alaska and
the nation, at 53,371 km?. It was first designated a National Monument in 1978, but ANILCA
expanded the boundaries when creating the park and Preserve in 1980. The park and preserve
contains 3815 km? of wilderness, and along with Canada’s adjacent Kluane National Park
comprises the largest protected wilderness in the world, outside Antarctica. The massive glaciers
of the park and preserve were specifically cited by Congress in the ANILCA legislation, and
indeed these glaciers constitute the largest contiguous nonpolar icefield on the planet. The park
has low visitation, due largely to its location far from urban centers and its wilderness character,
but it does have relatively good road access from adjacent highways and from two gravel roads
that penetrate the interior of the park. The park spans several mountain ranges, including
essentially all of the Wrangell Mountains and portions of the Chugach and St. Elias Mountains.
Nine of the 16 highest peaks in North America lie within the park boundary; the highest is Mt.
St. Elias at 5489 m. Given the park’s size, it is difficult to adequately summarize either the
geography or the climate. Coastal regions are cool and wet, while the northern portion of the
park has a very continental climate. Coastal Yakutat has an average January low of -7.44° C, a
July high of 15.2° C, and an annual average total precipitation of 384 cm. In comparison, Slana
at the northcentral edge of the park has a January low of -25.6° C, a July high of 20.6° C, and
annual average total precipitation of only 37 cm. Glacier coverage within the park/Preserve
boundaries ranges from 59° 43’ to 62° 23’ N and from 139° 4 to 144° 52° W, but consistent
with recent practice in many glacier mapping projects we include the full extent of the icefields
as they extend eastwards into Canada and also into the Bering Icefield region to the southwest
(Figure 2). Within this broader region, recent imagery indicates that there are a staggering 5816
glaciers; the largest is Malaspina Glacier at 4601 km?.



/r’\’\/\‘.\\//‘\v__‘
= WRANGELL-ST. ELIAS |
ar NATIONAL PARK
AND PRESERVE
¢
o <
17 p
£, Pois
Albers Projection NAD 1983 0 . 4
= oo 1 i d

618N

61

60.5° N

60* N

Figure 2. Wrangell-St. Elias National Park and Preserve. Blue polygons are modern glacier coverage.

Park boundaries in green.




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-20" 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.” Topographic map coverage is based on
photography that ranges from 1948 to 1973 (and as late as 2012 for some Canadian glaciers not
covered by USGS maps), with some later revisions. Post-2000 (mostly 2005-2010 with some
2011) satellite data for this phase of the project are from a combination of 1konos, Landsat
ETM+, and SPOT4 imagery. Detailed source information for mapping presented in this report is
presented in Appendices A and B.

Analysis

Map date glacier outlines are derived directly, without editing, from DRGs. Glacier boundaries
from that time period reflect the interpretations of individual cartographers, and for consistency
our map date shapefiles are not corrected even in cases where we disagree with the original
interpretation.

For modern glacier outlines, PI Anthony Arendt and research technician Justin Rich have
developed a standardized workflow for the generation and distribution of shapefiles and
associated geostatistics (Figure 3). 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.

Details of the workflow shown in Figure 3 are described below, and the steps are shown by
example in Figure 4.

Step 1: Existing outlines are assembled. 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 and/or automatically generated 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 or
SPOT4 imagery. Once the product is of suitable quality, we run it through a basin delineation
algorithm (Kienholz et al. 2013). We perform additional manual digitization, primarily to ensure
the automatically produced basins match what we would expect in reality.

We then run additional algorithms to automatically calculate the glacier centerline, along which
we calculate glacier slope and aspect. The centerline is calculated from a cost function that
depends on euclidian distances to the glacier margin, and on the glacier surface elevation. The
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algorithm generates a line that maximizes euclidian distance (i.e. forcing the centerline to be as
far away from the margin as possible) and follows a downhill direction. Once the centerline is
calculated we sample it at 50 m elevation bins and calculate its slope and aspect. This approach
of calculating slopes and aspects along a centerline is better than an elevation-bin averaged
method, which becomes biased by steep slopes at the margins of the glacier.

Finally, we 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).

Map Date A Basin
(1950's) Delineation /
Assemble Existing
[ Outlina j \ [ Prep. for NPS ]

> |2
Automated Prep. for RGI
Delineation 4

Delineation /

N/

Figure 3. Workflow for the generation of glacier inventory data for NPS glaciers.

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. Format for the final products continues to
evolve, and at present these products are embedded within a single geodatabase. The structure of
this geodatabase is summarized below, and header columns with sample attributes for each data
type are shown in Appendix C.

We presently serve the data as shapefiles, merged with glaciers digitized for all other glaciers in
Alaska, on the Randolph Glacier Inventory (RGI) website (http://glims.org/RGl/randolph.html).
Our work merges with a broad global effort to map Earth’s glaciers at high accuracy in time for
the Intergovernmental Panel on Climate Change’s Fourth Assessment Report.
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Glacier Base Maps — polygons depicting all topographic map sources for map date
outlines.

Glacier Base Images — polygons depicting all imagery sources for modern outlines.
Glacier Centerlines — polylines depicting centerlines of all map date and modern
glaciers, as derived by an automated algorithm.

Glacier Outlines — polygons depicting outlines of all map date and modern glaciers, as
derived by the processes described in step 2, above. Identical outlines are currently
presented in two forms: Lat/Long with WGS 1984 datum, and Albers Projection with
NAD 1983 datum.

Glacier Aspect — table of glacier aspects presented in 50 meter elevation bins.
Glacier Hypsometry — table of glacier areas presented in 50 meter elevation bins.
Glacier Slope - table of glacier slopes presented in 50 meter elevation bins.

Every glacier is identified throughout the database by a standardized GLIMS ID, and the
geodatabase structure described above collectively summarizes each glacier (both map date and
modern) with the following attributes:

Outline and centerline

Map or imagery source for outline/centerline

Date of map/imagery source

Name (if available)

Centroid latitude and longitude

Length and overall slope of centerline

Glacier area (km?)

Min, max, and area-weighted mean glacier elevations

Hypsometry data, presented as glacier areas within 50 m elevation bins
Glacier surface aspects and slopes, averaged within 50 m elevation bins
Glacier types

Note that glacier volumes are no longer calculated or presented in the geodatabase, reflecting our
view that area/volume scaling (as done in previous progress reports and summarized by Bahr
1997) is not a sufficiently robust technique for calculation of volume changes over time.
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Assemble
imagery/
digital maps

Create outlines

Assemble
Digital Elevation
Model

Run flowshed
algorithm

End result:
individual glacier
polygons

Figure 4. 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 KEFJ and WRST are shown in Figure 5 and Table 3. As noted in the
introduction, some analyses from Wrangell-St. Elias NP&P were not completed in time for this
progress report—only those presented here are labeled in Figure 5.

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 the glacier of 500 m is
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 ITRFOO0 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.
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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 Az (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 Az. 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
(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 ona 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 Az 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, Az 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 elevation bins. Volume change is found by performing a numerical integration
wherein the binned Az 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 (B), 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/m?3, and the mass change presented as Gt/yr. Glacier-wide mass balance rate is then just
mass change divided by glacier surface area.
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Table 3. Date of laser altimetry flights for glaciers located in Kenai Fjords NP (rows 1-2) and Wrangell-St.
Elias NP&P (row 3). Glacier types are land terminating (L), lake calving (LK), and tidewater (T).

Aialik (T) Bear (LK) Chemof (L) Dinglestadt (LK) Exit (L) Harnis (L)
5/29/04 5/28/94 5/19/96 5M19/96 528194 5/28/96
51801 5M19/01 51801 5M18/01 5/14/99 SM7101
6/14/07 6M14/07 6/14/07 6M14/07 S/18/01 6M14/07
6/14/07
Holgate (T) Kachemak (L) McCarty (T) Northwestern (T) Skilak (LK) Tustumena (LK)
5/29/94 5/18/96 5/19/96 5/18/96 5/29/94 5/29/94
51801 5M18/01 51801 SM701 S/19/01 5M19/01
6/14/07 6M14/07 6/14/07 6M14/07 6/14/07 614107
Guyot (L) Hubbard (T) Kennicott (LK) Nabesna (L) Yahtse (T)
8126107 513100 6/17/00 6/21/00 8/29/06
8/23M0 6/6/01 6/3/07 613107 8126/07
82112 6M10/07 812310
524/12 821112
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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 Pl 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 6. 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 1&M staff. No changes have occurred since the Second Progress Report.

Summary of Field Efforts

In the summer of 2011, PI Loso visited several NPS units to collect existing resource materials
and develop first-hand familiarity with some of the focus glaciers. Results of these efforts were
summarized in the Second Progress Report. No additional fieldwork has occurred, or is expected
under the scope of this project.

In the past year, most focus glacier work has focused on two objectives: 1) collection of existing
data and published reports to facilitate vignette writing, and 2) design of the interpretive report.
We report progress on these two objectives in the results of this paper.
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Table 4. Focus glaciers for each of Alaska’s 9 glaciated park units. “Snapshot” briefly denotes unique
aspects of each glacier. Pl Loso has personal knowledge of “visited” glaciers. Quality of historic record
will largely dictate scope of each glacier’s narrative. Note that Turquoise Glacier (LACL) and Fourpeaked
Glacier (KATM) have been removed from this list due to lack of available information.

. . Historic
Park |Glacier(s) Snapshot Visited record
TANIA |Caldera icefields Only permanent ice in Aniakchak. Virtually unstudmny. no moderate
DENA |Kahiltna Glacier Popular climbing and flightsee route. Non-surging valley glacier. yes good
Muldrow Glacier Backcountry accessible surge-type valley glacier. yes good
Toklat Glacier Backcountry accessible cirque glacier with history of NPS study. no good
GAAR |Arngetch glaciers High visitation for a remote park. Small, arctic cirque glaciers. yes  good
GLBA |Brady Glacier Remote tidewater glacier with very low-elev accumulation zone. yes  good
Margerie Glacier Cruise-ship visible, tidewater. High-elev accumulation zone. yes good
Muir Glacier Formerly tidewater glacier with spectacular retreat history. yes  excellent
"KATM |Knife Creek Glaciers Unusual tephra-covered glacier with long historic record. yes good
KEFJ [Aialik Glacier Tidewater glacier with historically stable terminus position. no moderate
Exit Glacier Tourist-popular, on coastal side of Harding Icefield. yes  excellent
Skilak Glacier Backcountry glacier draining interior side of Harding Icefield. no moderate
KLGO |Nourse Glacier Outside park; moraine-dammed threatens infrastructure. no moderate
LACL [Tanaina Glacier On flightseeing route at Lake Clark Pass. Changing hydroogy. yes moderate
Tuxedni Glacier Valley glacier on an active volcano. Remote. yes moderate
WRST |Bagley Icefield Huge icefield with multiple distributanes. Remote. yes good
Kennicott Glacier Highly visited, tounist-friendly valley glacier. Jokulhlaup history. yes  excellent
Yahtse Glacier Tidewater glacier that is currently advancing. yes good
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Results-Mapping

Maps of glacier outlines, with associated geostatistics, were completed for all glaciers in KEFJ
and WRST. In both parks, modern outlines are based mostly upon high-quality imagery (entirely
Ikonos in Kenai Fjords, with some additional SPOT4 and Landsat ETM+ data in Wrangells) 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. 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 statistics presented here for both parks include
glaciers that are outside the park boundaries. In the final reporting for this project, we will
include these contiguous glaciers in the database but exclude them from statistical analyses.
Additional, higher resolution maps of glacier change are presented in Appendix D.

Kenai Fjords NP

Mapped outlines for glaciers in and around Kenai Fjords NP are shown in Figure 7 and
summarized in Table 5. In total, KEFJ and surrounding areas had 397 glaciers mapped on the
DRGs (1950-1951) and 25% more in modern satellite imagery (2005-2007). In that same time,
total glacier area nonetheless decreased 11% from 2603 km? to 2323 km?. These overall changes
are summarized on a per-glacier basis in Figure 8. Small and medium sized glaciers (~< 2 km?)
were more common in modern mapping, whereas larger glaciers showed little change in
abundance (right panel). 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 were more numerous in modern imagery (left panel). There is weak evidence for loss
of the very lowest elevation glaciers over the same time period. This pattern is also reflected by
Figure 9, which shows change in total glacier coverage (rather than individual glaciers) as a
function of elevation. Ice at the modal elevation (1250-1300 m) diminished most noticeably,
with the least proportional change at the upper elevations.

Table 5. Summary statistics for glaciers in Kenai Fjords NP. Statistics include glaciers outside the park, as
shown in Figures 1 and 7.

TmoPeriod  |NCEEE e ey
Map date (1950-1951) 397 26027
Modem (2005-2007) 498 23225
Absolute Change 101 -280.2
Percent Change 25% -11%

We interpret these changes as primarily reflecting two processes. Growth in numbers of small
glaciers is probably a reflection of more advanced mapping techniques with high resolution
imagery. Loss of overall glacier area, however, appears to be a real reflection of terminus retreat
that is conspicuously apparent on most large glaciers of the region (Figure 7, Appendix D).
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Figure 7. Changes in glacier area between map date and modern in Kenai Fjords NP.

close-up maps.
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Figure 8. Histograms of changes in number of individual glaciers by area-weighted mean elevation (left)
and area (right) in Kenai Fjords NP between map date (1950-1951) and modern (2005-2007).
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Figure 9. Total area of glacier-covered terrain in Kenai Fjords NP by elevation between map date (1950-
1951) and modern (2005-2007).

Wrangell-St. Elias NP&P

Mapped outlines for glaciers in and around Wrangell-St. Elias NP&P are shown in Figure 10 and
summarized in Table 6. Here, a substantial amount of Canadian ice is included in our
calculations, as the large icefields on either side of the border are completely contiguous. Map
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date photography is from a broad range of years, including 1948-1973 in the United States
(where we focus) and as recent as 2012 in Canada. Acquisition dates of satellite imagery for
modern outlines ranged from 2006-2011. Within that loosely defined period of change, the
WRST population of glaciers grew 7% from 5421 to 5816, while simultaneously losing 5% of its
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Figure 10. Changes in glacier area between map date and modern in Wrangell-St. Elias NP&P. See

Appendix D for close-up maps.
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total glacier area. We emphasize that the relatively small percentage loss translates to a large area
for this heavily glaciated region—our mapping shows that over 2000 km? of ice were lost
between the map date and modern periods. The right panel of Figure 11 shows that the modest
increase in the number of individual glaciers was mostly due to the mapping of very small
glaciers (<<1 km?). Categorizing glaciers by their mean elevations (left panel), it is apparent that
low elevation glaciers diminished in abundance while glaciers in middle to higher elevations (~>
1000 m mean elevation) generally increased. Figure 12 summarizes park-wide changes in ice-
covered area, and shows that ice loss was concentrated between ~500 m and the modal elevation
of ~1900 m, with little change at higher elevations.

Table 6. Summary statistics for glaciers in Wrangell-St. Elias NP&P. Statistics include glaciers outside the
park, as shown in Figures 2 and 10.

TmoPeriod  |NCEEE e ey
Map date (1948-1973) 5421 40248 0
Modem (2006-2011) 5816 381984
Absolute Change 395 -2049.6
Percent Change 7% -2%

As at Kenai Fjords, it appears likely that the “new” small glaciers were likely present but
undetected in the DRGs, and that the increase in glacier numbers is an artifact of enhanced
mapping techniques. Nonetheless, total glacier-covered area did decrease, and can be attributed
primarily to generalized terminus retreat, mainly by large glaciers in the Wrangell Mountains, by
the Bering Glacier, and by glaciers in Icy Bay.

[ Map date I Map date
[ Modern [ Modern

Figure 11. Histograms of changes in number of individual glaciers by area-weighted mean elevation (left)
and area (right) in Wrangell-St. Elias NP&P between map date (1948-1973) and modern (2006-2011).
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Figure 12. Total area of glacier-covered terrain in Wrangell-St. Elias NP&P by elevation between map
date (1948-1973) and modern (2006-2011).
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Results-Elevation Change

We have completed analysis of surface elevation changes and inferred volume changes for
twelve glaciers in Kenai Fjords NP and five glaciers in Wrangell-St. Elias NP (Table 3).
Analyses of remaining profiles from WRST will be presented in the final progress report.
Change for each glacier was measured over intervals that range from one to fifteen years. Below,
we present and summarize overall results from each park unit. Complete results of these analyses
are presented in narrative and graphic form in Appendix E.

Kenai Fjords NP

Glacier-wide balance rates, which average annual volume losses across the surface area of a
given glacier, are summarized for Kenai Fjords in Figure 13. The most conspicuous trend is that
most of the Harding Icefield glaciers show an increase in surface elevation/glacier volume for the
early period of measurement (1994/6 — 2001), with the only exceptions being Aialik and Chernof
(no change) and Holgate, Skilak, and Tustumena (very slightly negative change). All glaciers
measured, including the latter exceptions, were markedly more negative in the latter period
(2001 - 2007), and every glacier lost elevation/volume when averaged over the entire period of
measurement. VVolume losses are summarized as a function of elevation in Figure 14, which
confirms that Bear, Chernof, and Tustumena Glaciers have the most negative balances over the
decade-plus of measurement.

We cannot yet say with certainty whether this early period elevation gain reflects actual changes
in ice volume (as we would assume under Sorge’s law), or alternatively, whether it is a reflection
of anomalously deep snowpack during the 2001 measurement. The latter seems possible,
particularly because A) measurements were made slightly earlier in the melt season in 2001
(May 17-19 compared with late-May or early-June measurements in other years), and B) winter
accumulation at nearby Wolverine Glacier was higher than usual when measured in spring of
that year (Van Beusekom 2010). We will continue to investigate this surprising result before
drawing firm conclusions in our final report, but for now we can tentatively conclude that since
1994/1996 most Harding Icefield glaciers lost volume at average rates between 0 and 2
meters/year, but perhaps at a much more rapid pace in recent years than in the earliest part of that
interval.

We also note that the records from two glaciers, Harris Glacier and Northwestern Glacier, are
very poor with only a limited elevation range of these glaciers sampled. The estimated values for
these glaciers are extremely rough. We include them in this progress report to provide a record of
the data, but due to the poor quality they are not intended for publication or use beyond this
progress report. Due to weather and scheduling constraints, the Harding Icefield has not been
flown since 2007, which means that, at the moment, there are no scanning LiDAR data for the
Kenai Fjords region.
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Figure 13. Glacier-wide mass balance rates (m/yr) for 11 glaciers from Kenai Fjords NP between 1994
and 2007. Rates are averaged over the period spanned by each bar. See Appendix E and text for
complete details, including confidence intervals that are excluded here for clarity.
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Figure 14. Annual rate of ice thickness change, by elevation, for selected glaciers in Kenai Fjords
National Park. Mapped values reflect averages over the time period 1994 (or 1996 for some glaciers) to
2007. “Harris” is an informal name used for consistency with other portions of this report. See Appendix E
for underlying data.
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Wrangell-St. Elias NP&P

As discussed previously, analyses of volume change from WRST are not complete, and we
include in this report only preliminary data from five glaciers: Guyot and Yahtse (Icy Bay),
Hubbard (Yakutat Bay), and Kennicott / Nabesna (interior). Because these glaciers were flown
more recently (2010 to 2012) than Kenai Fjords glaciers, their most recent data was collected
using the laser scanning system and consequently has higher point density. Dynamics of the
coastal glaciers in this dataset, however, are in general more complicated and we keep our
interpretation of the data at a minimum until analysis of WRST is complete. Mapped elevation
changes will be presented at that time.

Some basic trends can be noted here, as shown in Figure 15 (with details in Appendix E). The
two interior, land-terminating glaciers in the dataset (Kennicott and Nabesna) both exhibit minor
thinning and volume loss of just under 0.5 m/yr between 2000 and 2007. Guyot, a land-
terminating but near-tidewater glacier, lost volume between 2007 and 2010 but gained volume
from 2010-2012. Yahtse similarly changed from negative change between 2006 and 2010 to
volume gain after 2010. Hubbard has been more or less neutral since 2001, with some evidence
for volume gain at the earliest interval of measurement between 2000 and 2001.

Guyot

Hubbard
1.5 +

- Kennicott

17 ------- Nabesna

— - -—Yahtse

05 1

Glacier-wide balance rate (m/yr)

0.5 T -

-1 + + + + t t
1999 2001 2003 2005 2007 2009 201 2013

Year AD

Figure 15. Glacier-wide mass balance rates (m/yr) for five glaciers from Wrangell-St. Elias NP&P between
2000 and 2012. Rates are annual averages for the period spanned by each bar. See Appendix E and text
for complete details, including confidence intervals that are excluded here for clarity.
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Results-Focus Glaciers

In the past year, most focus glacier work has focused on two objectives: 1) collection of existing
data and published reports to facilitate vignette writing, and 2) design of the interpretive report.
We report progress on these two objectives here.

Data Collection

Collection of existing datasets is nearly complete, and has focused on glacier outlines to
supplement the map date and modern outlines assembled by Anthony Arendt and Justin Rich.
Availability of existing outlines is the primary constraint on this endeavor, but many focus
glaciers have been studied by others, and we have experienced great generosity on the part of
other scientists who are very willing to share their published work, work in progress, and general
insights. Standouts include Exit Glacier (51 outlines) and Muir Glacier (over 200 outlines!). We
summarize the collected outlines (with a few modest additional remaining steps outlined in red
font) in Table 7. A rough example of the wealth of available data is shown in Figure 16, which
depicts collected outlines for Exit Glacier. We will continue to explore the best graphic format
for depicting such high-resolution change data, and will test this format in a scheduled
publication of results from this project in Alaska Park Science. The deadline for submission of
this article is May 1. In any case, we remind readers that few glaciers are so well documented.

Report Design

Design of the interpretive report is underway in collaboration with Fresh Art & Design, a firm
based in Anchorage Alaska. Inger Deede is the lead designer on this project, and is responsible
for development of a style guide for the interpretive report and will later do the actual layout.

Inger Deede

Fresh Art and Design
www.freshartanddesign.com
525 W 3" Ave #409
Anchorage AK 99501

(907) 360-7062
id@freshartanddesign.com

The scope of this agreement currently calls for layout in a “perfect bind” style that allows maps
and photos to spread uninterrupted across two pages of the report when opened flat. Design of
the style guide is ongoing, but to give some flavor of the expected product we include here two
‘mock-up’ page layouts. Note that text/photo/map contents in the mock-ups are meaningless, and
these are mainly meant to display the designer’s current thoughts. See Figures 17 and 18.
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Table 7. Glacier outlines collected for use in the focus glacier component of the interpretive report. Table
is organized by park and by focus glacier, and continues on the next page. “map and sat outlines” refers
to data created for this project—all other outlines are existing data. Red font indicates a task still

underway.

Park

Glacier

Outlines in hand

DENA

Toklat

map and sat outlines (justin)
1981 and 2004 outlines (rob b ikonos)
1992, 2002, 2012 term positions (rob b)

Kahiltna

map and sat outlines (justin)
2-3 term positions between map date and modemn (pending, Justin)

Muldrow

map and sat outlines (justin)
poorly georeferenced 1952 and 1957 maps (Post)

LACL

Tanaina

map and sat outlines (justin)
1978 and 1999 term positions (Tim Brabets)
1986/1987 outline (giffen)

Tuxedni

map and sat outlines (justin)
1976, 1986, 1995, 2000 term positions (Justin)
1986/1987 outine (giffen)

KEFJ

Exit

map and sat outlines (justin)

2005 term position (giffen)

24 term positions from 1950-2009 (nps)

15 moraine positions from pre-1815 to 2006 (nps)
7 outlines from 1815 to 1950 {wiles)

1986 outline (giffen)

2000 outline (giffen)

Aialik

map and sat outlines (justin)

232 term positions between 1973 and 2010 (mcnabb)
2005 term position (giffen)

1986 outline (giffen)

2000 outline (giffen)

Skilak

map and sat outlines (justin)
1986 outline (giffen)
2000 outline (giffen)

WRST

Kennicott

map and sat outlines (justin)
landsat/ikonos outline comparisons for wrangells (justin)
6 term position from 1860-1990 (rosenkrans)

Yahtse

map and sat outlines (justin)

214 term posiions between 1974 and 2012 (mcnabb)
4 term positions from older maximum to 1791 (barclay)
2000 outline (larsen)

Bagley Icefield w
Bering/Tana

map and sat outlines (justin)
Tana and Bering termini (Pending, Justin)

Caldera icefields

map and sat outlines (justin)
June 1957 aerial photos for interpretation only

KATM || ANIA

Knife Creek

map and sat outlines (justin)
1957 outlines (muller figure 2)

1974, 1986, 2000 outlines from bruce, edited by justin
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Park

Glacier

Outlines in hand

Brady

map and sat outlines (justin)

240 AD outline {Derksen)

1000 AD term position (Bengtsen)

5 term positions between 1794 and 1849 AD (Capps)
1961 term position (NPS)

GLBA

Margerie

map and sat outlines (justin)

242 term positions between 1973 and 2011 {mcnabb)
9 term positions between 1770 and 1960 (Clague)

7 term positions between 1770 and 1925

connor 2009 maps

Muir

map and sat outlines (justin)

173 term positions between 1979 and 2011 (mcnabb)
6 outlines from 1948 to 2010 (justin)

13 term positions from 1770 to 1976 (NPS)

6 term positions from 1948 to 1964 (USGS)

5 term positions from 1941 to 1974 (Hall)

connor 2009 maps

KLGO | GAAR

Arrigetch Glaciers

map and sat outlines (justin)
1981 outlines (ellis 1981 fig 2)
may 1986 outline (justin)

Nourse (informal
name Boatramp}

map and sat outlines (justin)

1974 and 1984 term positions (justin)
1974, 1984, modem lake outlines (justin)
LIA term and lake positions (streveler)

2002 partial outline that doesn't cover upper Nourse (NPS)

35



Figure 16. Glacier outlines and terminus positions collected for Exit Glacier, Kenai Fjords NP. These data
do not include the map date and modern outlines assembled by our team, and have not been carefully
vetted at this time. Graphic presentation of these outlines will be more carefully explored at the time of
final publication. Data courtesy of Deb Kurtz (NPS), Greg Wiles, and Bruce Giffen (NPS).
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Title Goes Here: This is a Sample Longer

Zones of accumulation and melting
Glaciers form in an accumulation zone where
annual snowfall exceeds annual melt. T
acc lated | lal  snows ¥
change 10 glacier ice and flow downhill until
melt exceeds snowfall—at what is known 2s
the ablation zone—at lower elevations.

Because the West Buttress climbing route
is located in the accumulation zone of the
Kahiltna Glacier, crevassed waste will be buried
the next winter and ever more deeply each
successive year. However, each year the glacier
flows and slowly camies the waste downhill
towards the ablation zone, are difficult to
measure itive to climate chang d
an how far above the balance point between
accumulation and ablation the waste was
depesited,

What happens 1o crevassed human waste?
Recognizing that the Kahiltna Glacier is
transporting human waste toward its eventual
“melt out,” Dr. Michael Loso of Alaska Pacific
University (APU), in collaboration with NPS
«climbing rangers and other physical scientists,
began a multiyear study to answer Two
questions: (1) Where and when will the human
waste emerge? and (2) What are the human
health impacts of that waste, |.e., are bacteria
from the waste entering the meltwater?

Mare than 1,000 climbers attempt an ascent of
Denali (Me. McKinley) each year, with a majority
using the popular West Buttress route. During
the main climbing season (May and June),
hundreds of dimbers funnel up and down
the Kahiltna Gladier. To mitigate the impacts
of climbers on the backcountry resources of
Denali National Park and Preserve, the National
Park Service limits the number of climbers each
season (no more than 1500] and establishes
standards for human waste disposal.

Beginning in 2007, removal of human waste
wvia Clean Mountain Cans [CMCs) became
mandatory above the 14,200-foot Camg (4,300
m), as well as near the airstrip at Basecamp
(7,200 or 2,200 m). Use of these CMCs, with
blodegradable bag liners, has radically
improved sanitation at the 17.200-foot High
Camp (5,200 m). However, most bags of human
waste collected In CMCs at all elevations—
including at 14,200-foot Camp, where dimbers
spend the majority of their time acdimatizing
and waiting for good weather—are thrown

into crevasses between Basecamp and 14,200-
foat Camp.

Washburn's First Ascent

Since Bradford Washburn's first ascent of the
‘West Buttress route in 1951, the number of
dimbers has increased from less than 500 per
year prior to 1980 to about 1,200 per year,
Climbing parties spend an average of 18 days
on the mountain, The math Is simple and
Impressive: berween 1931 and 2012, 36,000
dimbers have deposited over 129.000 Ibs (69
metric tons) of human waste on the Kahiltna
Glacier. For now, the snowy surface of the
Kahiltna Glacier remains fairly clean, because
dimbers follow NP5 regulations and dispose
of thelr human waste in CMCs and then in
deep crevasses. But there ks another factor at
work—the glader itself. Glaciers form in an
accumulation zone where annual snowfall
exceeds annual melt The accumulated
perennial snows eventually change to glacier
ice and flew downhill until melt exceeds
snowfall—at what s known as the ablation
zone—at lower elevations.

Because the West Buttress climbing route is
located inthe accumulation zoneof the Kahilna
Glacier, crevassed waste will be buried the next
winter and ever more deeply each successive
year. However, each year the glacler flows
and slowly carries the waste downhill towards
the ablation zone, where it will eventually,
Inevitably, melt out at the glacler surface. The
precise timing of waste emergence depends
on glacier velodty, on the rates of snow
ace and melt: that are
difficult 1o measure and sensitive 1o dimate
change—and on how far above the balance
point between accumulation and ablation
the waste was deposited. What happens to
crevassed human waste?

Recognizing that the Kahiltna Glacier is
transporting human waste toward its eventual
“melt out,” Dr. Michael Loso of Alaska Pacific
University (APU), in collaboration with MPS
dimbing rangers and other physical scientists,
began a multi-year study 10 answer two
questions: (1) Where and when will the human
waste emerge? and (2) What are the human
health impacts of that waste, i.e. are bacteria
from the waste entering the meltwater?

Since Bradford Washburn's first ascent of the
‘West Buttress route in 1951, the number of
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into crevasses between Basecamp and 14,200~
foot Camp.

Washburn's First Ascent

Since Bradford Washburn's first ascent of the
West Buttress route in 1951, the number of
climbers has increased from less than 500 per
year priof 1o 1980 to about 1,200 per year.
Climbing parties spend an average of 18 days
on the mountain. The math ks simple and
impressive: between 1951 and 2012, 36,000
climbers have deposited over 129,000 lbs (69
metric tons) of human waste on the Kahiltna
Glacier. For now, the snowy surface of the
FKahiltna Gladier remains fairly clean, because
climbers follow NP5 regulations and dispose
of their human waste In CMCs and then in
deep crevasses. But there is another factor at
work—the glacier itself. Glaciers form in an
accumulation zone where annual snowfall
exceeds annual melt. The accumulated
perennial snows eventually change to glacier
ice and flow downhill until melt exceeds
snowfall—at what is known as the ablation
zone—at lower elevations,

Because the West Buttress climbing route is

intheace: i i

Glacier, crevassed waste will be buried the next
winter and ever more deeply each successive
year. However, each year the glacier flows
and slowly carries the waste downhill towards
the ablation zone, where it will eventually,
inevitably, melt out at the glacier surface. The
precise timing of waste emergence depends
on glacier velocity, on the rates of snow
ace lation and melt- that are
difficult 10 measure and sensitive to climate
change—and on how far above the balance
point between accumulation and ablation
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Figure 18. Photo style mockup of interpretive report

Zones of accumulation and melting
Glaciers form in an accumulation zane where
annual snowfall exceeds annual melt. The

year prior to 1980 to about 1,200 per year.
Climbing parties spend an average of 18 days
on the mountain, The math is simple and
berween 1951 and 2012, 36,000

ace SMOWS
change to glacier ice and flow downhill until
melt exceeds snowfall—at what is known as
the ablati at lower

Because the West Buttress climbing route
is located In the accumulation zone of the
Kahiltna Glacier, crevassed waste will be buried
the next winter and ever more deeply each
successive year. However, each year the glacier
flows and slowly carries the waste downhill
towards the ablation zone, are difficult o
measure and sensitive to climate change—and
on hew far above the balance point between
accumulation and ablation the waste was
deposited.

What happens to crevassed human waste?
Recegnizing that the Kahiltna Glacier is
transporting human waste toward its eventual
“melt out,” Dr. Michael Loso of Alaska Pacific
University (APU), in collaboration with NPS
dimbing rangers and other physical scientists,
began a multbyear study to answer two
questions: {1] Where and when will the human
waste emerge? and (2) What are the human
health Impacts of thar waste, Le,, are bacterla
from the waste entering the meltwater?

Maore than 1,000 climbers attempt an ascent of
Denali (Mt. McKinley) each year, with a majority
using the popular West Buttress route. During
the main dimbing season (May and June),
hundreds of climbers funnel up and down
the Kahiltna Glacier. Te mitigate the impacts

k af

dimbers have deposited over 129,000 Ibs (59
metric tons] of human waste on the Kahilina
Glacier, For now, the smowy surface of the
Kahiltna Glacier remains faidy clean, because
dimbers follaw NPS regulations and dispese
of their human waste in CMCs and then in
deep crevasses. But there is another factor at
wark—the glacler imelf. Glaciers form in an
accumulation zone where annual snowfall
exceeds  annual melt. The sccumulated
perennial snows eventually change to glacier
ice and flow downhill untll melt exceeds
snowdall—at what i known as the ablation
zone—at lower elevations.

Because the West Buttress climbing route is

Glacier, crevassed waste will be buried the next
winter and ever more deeply each successive
year. However, each year the glader flows
and slowly carries the waste downhill towards
the ablation zone, where it will eventually,
inevitably, melt out at the glacier surface. The
precise timing of waste emergence depends
on glacier velocity, on the rates of snow

lation and medt that are
difficult to measure and sensitive to climate
change—and on how far above the balance
point between accumulation and ablation
the waste was deposited. What happens to
crevassed human waste?

Recognizing that the Kahilina Glader is
transporting human waste toward its eventual
“melt out,” Dr. Michael Loso of Alaska Pacific

of dimbers on the L
Denali National Park and Preserve, the National
Park Service [imits the number of climbers each
seasen (no more than 1500) and establishes
standards for human waste disposal.

Beginndng in 2007, removal of human waste
via Clean Mountain Cans (CMCs) became
mandatory above the 14,200-foct Camp {4300
m), as well as near the airstrip at Basecamp
{7,200° or 2,200 m). Use of these CMCs, with
biodegradable bag liners, has radically
improved sanitation at the 17,200-foot High
Camp (5,200 m). However, most bags of human
waste collected in CMCs at all elevations—
including at 14,200-feot Camp, where climbers
spend the majority of their time acclimatizing
and waiting for good weather—are thrown
into crevasses berween Basecamp and 14,200~
foot Camp.

Washburn's First Ascent

Since Bradford Washburn's first ascent of the
West Buttress route in 1957, the number of
climbers has increased from less than 500 per
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ity (APU), in with NPS
dimbing rangers and other physical scientists,
began a multiq-year study to answer two
questions: (1) Where and when will the human
waste emerge? and (2] What are the human
health impacts of that waste, i.e, are bacteria
from the waste entering the meltwater?

Since Bradford Washburn's first ascent of the
West Buttress route in 1951, the number of
dimbers has increased from less than 500 per
year prior to 1980 to about 1,200 per year.
Climbing partles spend an average of 18 days
on the mountzin, The math is simple and
impressive: between 1951 and 2012, 36,000
dimbers have deposited aver 125,000 Ibs (59
metric tons] of human waste on the Kahilina
Glacier, For now, the snowy surface of the
Kahiltna Glacier remains faidy clean, because
dimbers follow NPS regulations and dispose of
their human waste in CMCs and then in deep
aevasses. But there is another factor at work—
the glacler itself. Because the West Burtress
dimbing route is located In the accumulation
zone of the Kahiltna Glacier, crevassed waste
will be buried the next winter and ever more
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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 three 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 and
conclusions emerge from this preliminary work.

Glaciers in Kenai Fjords NP (including portions of the Harding Icefield outside the park
boundary) increased in number by 25%, from 297 to 498 between the two mapping
periods (nominally 1950-51 to 2005-07).

Glacier cover in Kenai Fjords NP decreased 11% over the same period, from 2603 to
2323 km?. This was accomplished mainly through terminus retreat of the larger glaciers.

Glaciers in Wrangell-St. Elias NP (including substantial contiguous ice cover in adjacent
Canada) also increased in number over the mapping period, from 5421 to 5816. The
mapping period in Wrangells is more broadly defined: 1948-1973 to 2006-2011.

Wrangell-St. Elias is the most heavily glaciated park unit, with 38,198 km? of ice (again,
including Canada) in recent satellite imagery, down 5% from the map date interval. Ice
loss was heavily influenced by a few large glaciers in Icy Bay and the Bering Glacier.

In both park units, it was mostly very small (<1 km?) glaciers that increased in number.
We attribute this mostly to the effect of better resolution imagery and more detailed
mapping, rather than creation of new ice.

Using laser altimetry, we measured and analyzed 37 distinct intervals of elevation change
among twelve glaciers in Kenai Fjords NP and 13 distinct intervals among five glaciers in
Wrangell-St. Elias NP&P. Additional glaciers in Wrangell-St. Elias have been measured,

but analyses are not complete and will be presented in a subsequent report.

Glaciers in Kenai Fjords NP all lost volume over the 1994 (or 1996) to 2007 period, but
there is some evidence that most of this loss occurred after 2001. We are uncertain of this
latter interpretation, which may be an artifact of a deep snowpack in 2001.

Two large interior land-terminating glaciers in Wrangell-St. Elias showed similar volume
loss of under 0.5 m/yr after 2000. Coastal and tidewater glaciers were more variable over
time, including some gain in mass by Guyot and Yahtse Glaciers between 2009 and 2012.

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.
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e Collection of existing data, published reports, and photographs for the focus glacier
component of the project is essentially complete, and an artist is contracted to do design
and layout for the ~200 page interpretive report. A sample layout is included here.
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Appendix A: Data Sources for Mapping-Map Date

Park FielD Pub Year Photo Year Revisions Type

et TRAGWAT XD TooT TOnT ujsies B ) am—
WRST MT FAIRWEATHER G4 1961 1935 USGS 163360
Wbl JUNEAU D6 1984 195 1W2 USES 1635360
WS JUNEAU B4 198 19458 1w USES 163360
WRST MT FAIRWEATHER G5 1961 191 USGS 163360
Wbl JUNEAU G4 1984 195 1978 USES 1635360
WS M1 FAIRWEAIHER D4 1961 19D USES 163360
WRST MT FAIRWEATHER C-3 1961 1935 USGS 163360
Wbl YAKU 1AL A1 1 1953 USES 1635360
WS M1 FAIRWEAIHER H-Z 198 19458 1971 USES 163360
WRST MT FAIRWEATHER G2 1943 1948 1973 USGS 163360
Wbl JUNEAU G5 198 195 193 USES 1635360
WS SKAGWAY B8 1961 191 USES 163360
WRST SKAGWAY A8 1961 191 USGS 163360
WRST MT FAIRWEATHER D-6 1961 1955 USGS 163360
WS SKAGWAY H4 1999 19458 1w USES 163360
Wbl M1 FAIRWEAIHER -1 1980 195 USES 1635360
WRST SKAGWAY A7 1961 1951 USGS 163360
WS SKALGWAY A-Z 1999 19458 1977 USES 163360
Wbl SKAGWAY AT 1 195 1W2 USES 1635360
WRST MT FAIRWEATHER D-2 1943 1948 1991 USGS 163360
WS M1 FAIRWEAIHER HA 1961 191 USES 163360
Wbl JUNEAU DD 1984 19a¢ 1 USES 1635360
WRST JUNEAU B-5 195 1048 1966 USGS 163360
Wbl SKAGWAY AL 1961 191 USES 1635360
WS JUNEAU b 1990 19458 1987 USES 163360
WRST MT FAIRWEATHER B-3 1961 1935 USGS 163360
WRST MT FAIRWEATHER D-3 1961 1955 USGS 163360
WS SKALGWAY A 1961 19D 1w USES 163360
Wbl SKAGWAY H-3 1 195 1963 USES 1635360
WRST YAKUTAT B 1950 1953 USGS 163360
WS M1 FAIRWEAIHER -5 1961 19D USES 163360
Wbl MOUNIT ROUI 2 19M GOV of GA 100
WRST MOUNT LODGE 2010 1987 GOVT of CA 1:50000
WS GHAND PACIHG GLAGCIEHR 2070 19357 GOV of GA 15000
Wbl KONAMOX | GLAGIER 2 1986 GOV of GA 100
WRST CARMINE MOUNTAIN 2010 1987 GOVT of CA 1:50000
WS GARMINE MOUN IAIN 2070 pal )i GOV of GA 15000
Wbl HFEN HGE RIDGE 2 1986 GOV of GA 100
WRST TSIRKU GLACIER 2010 1987 GOVT of CA 1:50000
WS CARROLL GLAGIER 2070 19357 GOV of GA 15000
Wbl YAKU IAI B2 1 195 1w USES 1635360
WRST MT FAIRWEATHER D-7 1961 1948 USGS 163360
WRST BATTLE GLACER 2010 1987 GOVT of CA 130000
Wbl CARMINE MOUN IAIN 2 1986 GOV of GA 100
WS 1AIS LAKE 2070 19357 GOV of GA 15000
WRST RANGE LAKE 2010 1987 GOVT of CA 130000
Wbl SURVLEY LAKLE 2 1986 GOV of GA 100
WS MUOUNIT AYLESWORIH 2070 19357 GOV of GA 15000
WRST SILVER CREEK 2010 2000 GOVT of CA 1:50000
WS BAIES RIVER 2070 2zn GOV of GA 15000
Wbl COTONWOUL LAKES 2 2M GOV of GA 100
WRST MUSH LAKE 2010 2000 GOVT of CA 1:50000
WS KAIHLEEN LAKES 2070 2mm GOV of GA 15000
Wbl SUMER GUH LAKE 2 1986 GOV of GA 100
WRST AURIOL RANGE 2010 2000 GOVT of CA 1:50000
WRST KLOO LAKE 2010 2010 GOVT of CA 130000
Wbl no wie 2 2M GOV of GA 100
WS ULU MOUUN IAIN 2070 2zn GOV of GA 15000
WRST MOUNT SEATTLE 2010 2001 GOVT of CA 130000
Wbl MOUN I VANGCUUVER 2 2M GOV of GA 100
WS MOUN I ALVERS IUONE 2070 2zn GOV of GA 15000
WRST MOUNT KENNEDY 2010 2001 GOVT of CA 130000
Wbl HELSH IE GLAGIER 2 2M GOV of GA 100
WS AIRDROY LAKE 2070 2zn GOV of GA 15000
WRST MOUNT LEACOCK 2010 2006 GOVT of CA 130000
Wbl no wie 2 2M GOV of GA 100
WS MOUN I LUEEN MARY 2070 pal )’ GOV of GA 15000
WRST MOUNT BADHAM 2010 2002 GOVT of CA 130000
Wbl KLUANLE L ACIER 2 2M GOV of GA 100
WS SLIMS RIVER 2070 2mm GOV of GA 15000
WRST JARVIS RIVER 2010 2000 GOVT of CA 130000
WRST NEWTON GLACIER 2010 2002 GOVT of CA 1:50000
WS CUHWN CLIH-S 2070 pal )’ GOV of GA 15000
wWHsl1 MUAR IHUR FLAK 2 pal ) 3 GOV of GA 150000
WRST KING PEAK 2010 2002 GOVT of CA 130000
Wbl MOUNI YUKON 2 al ) 3 GOV of GA 100
WS DENNIS GLACER 2070 pal )’ GOV of GA 15000
WRST MOUNT STEELE 2010 2006 GOVT of CA 130000
Wbl MOUN | MACAULAY 2 pal ) 1} GOV of GA 100
WS MOUNIT CUONSIAN IINE 2070 pal )’ GOV of GA 15000
WRST TEMPEST MOUNTAIN 2010 2006 GOVT of CA 130000
Wbl IEHFEE LAKE 2 pal ) 1} GOV of GA 100
WS HROUKE CHEEK 2070 pal )’ GOV of GA 15000
WRST CANYON MOUNTAIN 2010 2000 GOVT of CA 130000
WRST KOIDERN 2010 2007 GOVT of CA 1:50000
WS GUNGUDON GHEEK 2070 2mm GOV of GA 15000
Wbl HGHORN CREEK 2 pal ) 1} GOV of GA 100
WRST DONJEK GLACIER 2010 2006 GOVT of CA 1:50000
WS SIEELE CREEK 2070 2006 GOV of GA 15000
Wbl LUKE RIVER 2 pal ) 1} GOV of GA 100
WRST KONAMOXT GLACIER 2010 1987 GOVT of CA 1:50000
WS NAHESNAAA 1999 1996 USES 163360
Wbl MCCARIHY D8 10 19a¢ USES 1635360
WRST MCCARTHY A-3 1950 1957 USGS 163360
WS MUGCAR IHY AL 1999 19/ USES 163360
Wbl HERING GLAGIER B8 1980 1973 USES 1635360
WRST MCCARTHY C3 1950 1954 1976 USGS 163360
WS VALIRZ H-1 190 19 1970 USES 163360
Wbl NAHESNA AL 1 19a¢ USES 1635360
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USGS 163360
USGS 163360
USES 163360
USGS 163360
GOV of GA 150000
UV 0T GA 1:50000
UV 0T GA 1:50000
GOVT of GA 1:50000
GOV of GA 150000
UV 0T GA 1:50000
GOVT of GA 1:50000
GOV of GA 150000
GOV of GA 150000
GOVT of CA 1:50000
GUVI 0T GA 1:50000
GOV of GA 150000
USGS 163360
USGS 163360
USG5 163360
USGS 163360
USGS 163360
USG5 163360
USGS 163360
USGS 163360
USGS 163360
USES 163360
USGS 163360
USGS 163360
USES 163360
USGS 163360
USGS 163360
USGS 163360
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USGS 163360
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USGS 163360
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Appendix B: Data Sources for Mapping-Modern

Park FielD Date Long (center) Lat (center) Type
b 0] p— R i S ) T B kg X v T

WRST LEFO6D019201 0266EDC01 a2y¥2010 -138.108488 58.7093849 Landsat EThH
WHS1 LAUGSD18_ AN - WA 144 5207 [CIRLIE 1 Landsat L 1M+
WHSI1 LAUGAVTE_DMEANE1Y 1I- 19010 -143. 34996 BOUYFIZ Lanisat E 1+
WRST L71063018_M820100012.TIF 122010 -141.802004 60093300 Landsat EThH
WHS1 LAUGIVIS MEAanm14.1i- w140 1348, F18002 BUDUGIND Landsat L 1M+
WHSI1 LAGAVTY_DN FZANE1Y ik 19010 -147 3860027 b1 473901 Lanisat E 1+
WRST L71066016_M620100017 TIF 172010 -144 434998 623534000 Landsat EThH
WHS1 LA D AN DS 1I- WD 130 200097 65147 M0 Landsat L 1M+
WHSI1 ANE 13D DUDUUDD M6 BUZZ2EAN IKON0s
WRST 20060713 508 _DODOOD1 §F Y2006 60224500 Ikonos
WHS1 20060113 K DUDUUZ M0 (D1 breti) ) Ikonos
WHSI1 ANE 13D DU o M6 BT IKON0s
WRST 20060713 509 DO10000 & Y2006 60131300 Ikonos
WRST 20060713 500 _DO1D0D1 §F TNI2006 6D 120501 Ikonas
WHSI1 ANE 13D DUTDUZ o M6 B 130600 IKON0s
WHS1 2006013 D DUT IO b M0 B2 Ikonos
WRST 20060719 _631_DOZD0DO §F THY2006 -139 630997 59943001 Ikonas
WHSI1 ANEBU a3 DUBUUDD o WD -147 A6HI03 b 644199 IKON0s
WHS1 200601 03 DUSOUDT wb WAL 142 06995 GDBADTND Ikonos
WRST 20060807_553 DDDOOD2 §F 72006 -141. 572006 6D 645600 Ikonas
WHSI1 ANEBU a3 DUBUUUS o WD -141. 130008 B HA3600 IKON0s
WHS1 2006801 n DUSIUD P WAL 142 3999 [CIESTE 1)) Ikonos
WRST 20060807 555 DOSD0D1 §F TI2006 -141.962006 6D 457199 Ikonos
WHS1 200601 noh DU o WAL 14154993 G431 Ikonos
WHSI1 ANEBU St DUSIUES o WD -141. 115000 B0 453 IKON0s
WRST 20060807 556 _DOGDODD &T WFR2006 -142.145004 60368500 Ikonos
WRST 2006D807_556_DDGDOD1 §F 72006 -141. 645906 6D-365601 Ikonas
WHSI1 ANEBU_not DUGDUUZ o WD BO361Y IKON0s
WHS1 20060808 D1/ DOATRD WRALANDG [CIE i L Ikonos
WRST 20060808 D17_DO7D0D1 §F BR2006 6D 738008 Ikonas
WHSI1 ANEBUE._U1/_DOFUZ o SRADG B350 IKON0s
WHS1 20060829 15 DURBIUD P WAYANG B2 B Ikonos
WRST 20060829 155 DOBD0D1 §F w2006 6D275501 Ikonas
WHSI1 AN 15 DUBSDUUZ o bitrist Fa) 1Y B2 IKON0s
WHS1 20060829 13 DU NP WAYANG (DIl eh ) rd Ikonos
WRST 20060829 153 DDOOODO §F w2006 59897400 Ikonas
WHSI1 AN 158 DUBOUDT o bitrist Fa) 1Y DY BUEHD IKON0s
WHS1 20060829 15 DU ot WAYANG OB Ikonos
WRST 20060829 153 DOOOOD3 §F w2006 59892800 Ikonas
WHSI1 AN 158 D1Z o bitrist Fa) 1Y D998 IKON0s
WHS1 20060901 30 DUSID P WAL HZ4911m Ikonos
WRST 20060007_730 DO3D0D1 §F 972006 62 489700 Ikonas
WRST 200600907 _741_DD40000 §T WP R2006 62582300 Ikonos
WHS1 20060901 741 DDANRDT W WAL B2 280 A Ikonos
WHSI1 ANEU0Y_ 134 DUSDUDD o YOG BZ 40630 IKON0s
WRST 20060909 534 DOSDOD1 &F 982006 624051 Ikonos
WHS1 20060909 334 DUV o YASANG B2 AU Ikonos
WHSI1 ANEU0Y_ 134 DUSIUUES o YOG [ ) ris i IKON0s
WRST 20060010 _876_DDGDODO §F 102006 62749199 Ikonas
WHSI1 ANEWTZ_F47 D100 M WX B 4680 IKON0s
WHS1 2000012 FL2 DTANDT NP WIXANG b A Ikonos
WRST 20060012 743 D1100D0 &7 122006 6D 643902 Ikonas
WHSI1 ANEWTZ_r43 0110001 a1 WX B0 B43101 IKON0s
WHS1 2000012 Fa3 D1TTIUZ WIXANG BT Ikonos
WRST 20060013 123 DORDODO §F Y1E2006 62283100 Ikonas
WRST 20060918 128 DO300D1 &7 182006 62277100 Ikonos
WHS1 20060918 3531 DOAD WIBANG (AT vl Ikonos
WHSI1 ANEW18_831_ D001 o WIE06 BZ 66230 IKON0s
WRST 20060918 353 0130000 &7 182006 GDE27400 Ikonos
WHS1 20060018 a5d D101 a0 WIBANG B BZ0AR Ikonos
WHSI1 ANEU18_ahd D140 o WIE06 B0YZT001 IKON0s
WRST 20060918 354 0140001 &7 182006 60919903 Ikonos
WHS1 2006090 214 DN P WAYANG b2 45491 Ikonos
WHSI1 ANENZS aot D100UDT T L s )Y bBZ3h8 M IKON0s
WRST 20060923 356 D100002 &7 a2V2006 62356201 Ikonos
WHS1 20061001346 D10 P TN BT Ikonos
WHSI1 ANGT10T_B46 D15DU01 o TN T0B B 3H6A0 IKON0s
WRST 20070924 973 D1000DD & 9242007 61457609 Ikonos
WHS1 2000731960 D110 A3V20f G236 2 Ikonos
WHSI1 AWNBID_6Z_ D130 T Liall Za) 118 DY BEIUE IKON0s
WRST 20070810 672 D1300D1 &7 02007 39860199 Ikonos
WRST 20070810 _673_D1700D0 §F anozoo7 59771009 Ikonas
WHSI1 AWBID_ 63 D1/ o Liall Za) 118 B IKON0s
WHSI1 ABID G D1ANDZ o L) Zu) iTg Y. MEHRD Ikonos
WRST 20070810 674 D16D0DD &T 02007 E7IN Ikonos
WHS1 20810 63 1G0T a0 wIAns BTyl )y Ikonos
WHSI1 ANVB13_1A1_D1TAN00 a0 dIF0r bBZ 488 IKON0s
WRST 20070813 171_D120001 &7 an3y2007 62475309 Ikonos
WHS1 200813 172 D130 a0 wyAanr B2 39150 Ikonos
WHSI1 AWVB13_4ra_D1Y0UD T dIF0r soUZamm IKON0s
WRST 20080613 710_D110000 &7 6132008 61534901 Ikonos
WHS1 200621 914 DANNRDD BR21TANR [C15S )P Ikonos
WHSI1 ANB6Z1_914_ AN o [ratral 1) B a1 IKON0s
WRST 20080621 914 0200002 &1 6212008 60353308 Ikonos
WRST 20080621_914_D200003 §F 62172008 6D.549702 Ikonas
WHSI1 ANB6Z1_Y14_ AN o [ratral 1) BUZE1 IKON0s
WHS1 2062 G DZANRDD AYANR G 146198 Ikonos
WRST 20080629 7060220001 §F 62972008 6D 143799 Ikonas
WHSI1 A6 1710000 o BN BOOHI IKON0s
WHS1 2062 F1Z2 0210001 a0 AYANR [CI1ITE L) rd Ikonos
WRST 20080629 7120210002 §F 62972008 GDO74600 Ikonas
WHSI1 A6 171003 o BN OO IKON0s
WHS1 2NRDUZ 346 D10 fE2IANG G223 Ikonos
WRST 20080702_346_D1500D1 §F T2r2008 62234600 Ikonas
WHSI1 AR UZ_346 D19D00Z o [frira) )] BZ 2300 IKON0s
WHS1 2NRDUZ 396 DI fE2IANG 22340 Ikonos
WRST 20080702_346_D1500D4 §F T2r2008 62220500 Ikonas
WHSI1 AR UZ_34¢_ D140 a1 [frira) )] BZ 140900 IKON0s
WHS1 2NN UZ 347 1A w fE2IANG (AL e )P Ikonos




20080702 _347_0140002 &
0B U347 D140 AT
ZOUEUZ_34F_D1A00DA AT
20080702 _385 0230000 &
AR UZ_380 DZ01 o
2OV 3 UZSU0ZNT
20080702 _385 0230003 &
mmmf_rz:_nznnmn
2O 15 D18 UZA0UD0 AT
20080715 _0D18_0Z70001 &
AN 10 D18 DZ/UZ o
2O 15 D18 U203 AT
20080715 _D10_0260000 &
AN 19 D19 DABI0T o
2O 15 D1Y_ U0 NT
20080715 _D19_0260003 §F
20080715 _D10_0260004 &
AN 19 UA) DZBU00 o
2O 15 DAY U000 AT
20080716_261_0170000 &
AN 16_Z61_D1/0001 o
2O 16 26101 FOUDZNT
20080716_261_0D170003 &
AN 16_Z80_ D130 o
2O 16 ZE_DIS0001 AT
20080716_280_0130002 &
AN 16280 D13US o
26 2L DIZDU00 AT
20080716_282_ 0120001 &
AN 1b6_ARS DTANUZ o
A6, DTS o
20080721_048_0180000 &
20080721_043 0130004 &
AR Z1_848 D180 T
2O 2 AN D100 AT
20080729 _204_0200000 &
VB Y MDA W
2O 2 A U2 NT
zmmam 1930180001 &
193 D130UDZ AT
zwumm;luu)mnmn
20080801_194_0170001 &
ANRBUT_19_D1/D0Z o
ZOUERDT_194_D1 D03 AT
20080804_238 0210002 &
20080804_230_0100002 &
ARV _ZB6 D0 o
ZOUEU_ AW U000 AT
20080810_491_0240000 &
ZDURBIU_AW U0 AT
ZOUERZ 2 UASU00 AT
20080812_280_02600018¢

3 354_0330001
Ao 148 2S00 ur
Z0R011_148 U200
20080014_D16_0260000 &
mmu_mh_mm o
ZDE0014 D16 US04 AT
20080014_D16_0260005 &
ZOUN0FUZ_H3¢_DUDUUDZ T
2OV 53 DUDOUDT AT
20000702_537_00000D0 &
20000615 _647_0030000 &
ZOUN0FUZ_H3¢_ VU3 T
ZDUU004_314_UIZDUD0 AT

it ] f_.‘]'lh_lll.llll] ,IT
ZOUR00/_340_D1DUD0 AT
20000707_340_0010001 &
ZD0Y) UGt DUDOUDD AT
ZOUN0/U_6t_DUDOUDT AT
20000708_666_00000D2 &
D09 11_Y3_ 0ouo T
ZOUR0711_U3_ D000t

1401006
-139.602997
-130.190002
139 634006
139,369
-142.
1472 1109971
14164003
141175003

-142 016998
-141 54997
141149996
-145. 227907
-143.317001
-147 884995

-141 981003
14155099
-143.237004
-143.231908
147 445909
-144. M99
-144 311006
-144 319984
142139999
-141 658005
-141.1/399%6
142 5899
-142 108994
-141 643003
141166000
-142 563005
1472 0399/
141610997
“141.151001
-142 5007
147 NY8s
141610000
141147003
1472 5407
142072006
-141 604906
141160004

61.40499
61405300
61 4U3u0
G1.009%02
61006500
61004499
100122
61621300
61622101
G1.6ZA02
61619009
61760700
b1./60/
G161
61757000
BZ 1139
[ARE1)
62 113300
6Z 110000
G2Z210602
62210008
bZ
G200
61.106400
61107898
6110688
H1.103W1
61015M1
G1013199
[CIRIT 0]
6D 166401
[irdich o)
[d)s3lii
62 D4B5DD
6Z DODUEE
GZD48599
62 D448D0
61,1001
61.101/99
61.103001
60014900
61 098%W
U2
61012600
61010601
H1.009%599
61000201
61.3/008
(BT
60071201
613038
H1.302101
61200500
61218199
612208801
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IKOonos
Ikonos
Tkonos
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Ikonos
Tkonos
IKOonos
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Tkonos
IKOonos
Ikonos
Tkonos
IKOonos
Ikonos
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IKOonos
Ikonos
Tkonos
Tkonos
IKOonos
Ikonos
Tkonos
IKOonos
Ikonos
Tkonos
IKOonos
Ikonos
Tkonos
IKOonos
Ikonos
Tkonos
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Appendix C: Data Products Exported From Extent Mapping
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Appendix D: Close-up Maps of Glacier Extent Changes
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Figure D1. Close-up of northeastern Kenai Fjords NP glaciers.

57

60° N



“151°W

58.5°N

“ No change

Albers Projection NAD 1983

myu —T1 1
012 4 6 8Km

A51°W
Figure D2. Close-up of southwestern Kenai Fjords NP glaciers.
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Figure D3. Close-up of Wrangell Mountains glaciers in northwestern Wrangell-St. Elias NP&P.
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Figure D4. Close-up of coastal glaciers in southwestern Wrangell-St. Elias NP&P.
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Figure D5. Close-up of Malaspina Glacier in southern Wrangell-St. Elias NP&P.
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Appendix E: 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.

Aialik Glacier

1994 — 2001: Over this time period, Aialik Glacier showed little overall change in volume.
Above 800m, changes in elevation are barely positive at about 0.1 m/yr. Below 600m, elevation
changes become increasingly negative with lower elevations with measurements between 300
and 500 m showing a loss of ~1 m/yr in surface elevation. The mass balance is essentially zero
and the mass change of Aialik glacier is negligible over this time period.

2001 — 2007: Surface elevation decreased significantly over this period with dz values of -1.5 to
-2.0 m across most of the glacier’s surface. The most complete data coverage occurs where the
AAD values are highest between ~800 to ~1250 m. The lowering of the surface elevation
translates into a mass balance of -0.90 +0.35/-0.25 m/yr w.e. and a volume change of -0.06 £
0.02 Gt/yr.

1994 — 2007: We include the broader time range in case the 2001 data is found to be affected by
significant snow cover. The dz data are reasonably well distributed throughout the glacier
elevation with better coverage over the 800 — 1250 m elevation range, which corresponds to the
largest AAD values of Aialik. Elevation losses of ~0.5 to 1 m are typical across most of the
glacier’s surface. This loss is reflected in the mass balance (-0.41 +0.28/-025 m/yr w.e.) and
volume change (-0.03 + 0.02 Gt/yr).
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Aialik Glacier: Elevation change between 1994-149 and 2001-138
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Figure E1. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Aialik 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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Aialik Glacier: Elevation change between 2001-138 and 2007-165
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Figure E2. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Aialik 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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Aialik Glacier: Elevation change between 1994 and 2007
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Figure E3. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Aialik 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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Bear Glacier

1994 — 2001: At higher elevations (>800 m), the surface elevation decreased by only ~0.2 m/yr
between 1994 and 2001. Below 800 m, however, the elevation changes become increasingly
negative down to ~ -4 m/yr at 100 m. Data is sparse in some elevation ranges, but where data are
present they show a consistent picture of the dz increasingly negative at lower elevations.
Overall, Bear shows negative mass balance (-1.14 +0.38/-0.65 m/yr w.e.) and change (-0.16 +
0.09 Gt/yr).

2001 — 2007: The trend of elevation loss observed from 1994 to 2001 continues at greater pace
during this period with loss rates nearly twice the values seen in the 1994 to 2001 data. Similar to
the previous period, there are significant gaps in the measurement points available, but where
data exists it shows a coherent picture of elevation losses increasing down glacier. The glacier-
wide mass balance and change are double those of the previous period at -2.28 +0.62/-0.49 m/yr
w.e. and -0.33 £ 0.07 Gt/yr.

1994 — 2007: Data coverage is quite good up to ~1100 m on Bear Glacier between 1994 and
2007. The data are relatively continuous with little variation in dz values for a given elevation.
The mass balance is significantly negative at -1.62 +0.42/-0.33 m/yr w.e. and the mass loss is
also significant at -0.23 £ 0.05 Gt/yr.
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Bear Glacier: Elevation change between 1994-148 and 2001-139
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Figure E4. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Bear 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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Bear Glacier: Elevation change between 2001-139 and 2007-165
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Figure E5. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Bear 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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Bear Glacier: Elevation change between 1994 and 2007
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Figure EG6. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Bear 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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Chernof Glacier

1996 — 2001: No data was collected for Chernof Glacier in 1994 and so we use the 1996 data for
the earlier comparison. Measurement points only cover a limited elevation range of the glacier
from ~800 m to ~1300 m. However, this range does include most of the area of the glacier since
most of the Chernof’s area is between ~700 m and ~1250 m elevation. Where data exists it
shows relatively little change in elevation during this period with slightly positive change at
higher elevations and slightly negative change at lower elevations. The mass balance is near zero
and the mass change is negligible over this period.

2001 — 2007: The measurement points are distributed similarly over this period as they were for
the 1996 — 2001 period. However, the measured change in surface elevation is now significantly
negative with values decreasing from ~ -1.5 m/yr at ~1200 m to ~ -3 m/yr at ~ 800 m elevation.
The lowering surface elevation creates a negative mass balance of -1.54 +0.58/-0.26 m/yr w.e.
and negative mass change of -0.08 + 0.01 Gt/yr.

1996 — 2007: Chernof shows loss of surface elevation over this decade with dz values ranging
from ~ -4 m/yr at 700 m and becoming less negative to ~ 0.5 m/yr at ~1250 m elevation. The

mass balance and mass change are negative with values of -0.89 + 0.25 m/yr w.e. and -0.05 +
0.01 Gt/yr, respectively.
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Chernof Glacier: Elevation change between 1996-140 and 2001-138
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Figure E7. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Chernof 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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Chernof Glacier: Elevation change between 2001-138 and 2007-165
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Figure E8. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Chernof 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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Chernof Glacier: Elevation change between 1996-140 and 2007-165

Change in Elevation (m/yr)

_6 L —
500 600 700 800 900 1000 1100 1200 1300 1400 1500
Elevation (m)
Mass Balance = -0.89 +0.24/-0.25 m/yr W.E.
Mass Change = -0.05 +0.01/-0.01 Gt/yr
Area Altitude Distribution
“'Ig 5_ ..... l ................................................................. AreaAvera d ..... | evati0n=111olm ]
=3 | Tqtal area = 51 km®
5] :
3 _
<L 0 a : :
500 1000 1500

Elevation (m)

Figure E9. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Chernof 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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Dinglestadt Glacier

1996 — 2001: The data are reasonably spread from near the terminus of the glacier at 400 m up to
1200 m. This misses the upper reaches of Dinglestadt. dz values are negative from 400 m to 800
m, but become increasingly positive above this to the upper limit of coverage at 1200 m. With
more area above 800 m, the overall mass balance is slightly positive at 0.1 £ 0.3 m/yr w.e. and
the mass change is negligible.

2001 - 2007: Data coverage is reasonable with regularly spaced measurement points from 400 m
to 1200 m elevation. The upper reaches of the glacier are missed, but based on the trend of
elevation change in the data it appears that the modeled curve of elevation is a reasonable
approximation where data is unavailable. The glacier surface lowered by ~ 5 m/yr near the toe of
the glacier at ~ 400 m with the elevation loss decreasing up the glacier to the highest available
data that shows a loss of ~ -1 m/yr at 1200 m. Dinglestadt shows significant loss of mass during
this period with a mass balance of -1.53 £ 0.35 m/yr w.e. and mass loss of -0.11 + 0.02 Gt/yr.

1996 — 2007: Data coverage for this longer time period is similar to the two shorter contained

within this period. Over this decade, Dinglestadt experienced negative mass balance (-0.70 +
0.14 m/yr w.e.) and mass loss (-0.05 + 0.01 Gt/yr).
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Dinglestadt Glacier: Elevation change between 1996-140 and 2001-138
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Figure E10. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Dinglestadt 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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Dinglestadt Glacier: Elevation change between 2001-138 and 2007-165
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Figure E11. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Dinglestadt 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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Dinglestadt Glacier: Elevation change between 1996-140 and 2007-165
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Figure E12. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Dinglestadt 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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Exit Glacier

1994 — 2001: The data coverage on Exit for this period is very good, but does not include any of
the glacier about ~1150 m. Data does cover the elevations with the highest AAD values between
1000 and 1150 m. Much of Exit glacier shows negative surface elevation changes over this
period with values ranging from -2 m/yr at the terminus to zero at 1100 m. Above 1100 m the
elevation change appears to trend positive. Mass balance is slightly negative at -0.2 £ 0.2 m/yr
w.e. and the mass change is negligible.

1999 — 2001: The elevation changes of Exit during this period are strongly positive with values >
1.5 m/yr for the bulk of the area of Exit Glacier. It is not clear at this point whether this
represents a real change in elevation or whether heavy snowfall or other factors are creating
misleading data. However, if accurate, these data show a strong positive mass balance (1.12
+0.46/-0.38 m/yr w.e.) and mass change (0.03 + 0.01 Gt/yr).

2001 — 2007: Where the elevation changes were measured as positive from 1999 to 2001, they
are consistently negative during this later period. The data do not cover the uppermost reaches of
the glacier (>1200 m) and there is a large gap from 300 to 600 m, but there are numerous and
consistent data between 600 and ~1200 m that show a typical elevation loss of ~ 2 m/yr. These
elevation losses suggest a negative mass balance (-1.21 = 0.27 m/yr w.e.) of similar magnitude to
the positive mass balance in the previous period. Similarly, the mass change is negative (-0.03 £
0.01 Gt/yr) and of equal magnitude to the positive mass change in the previous time period.

1994 - 2007: Data coverage is good between 700 and 1100 m, but non-existent above this range
and spotty below. However, this does cover most of the area of Exit glacier and so the glacier-
wide mass balance (-0.68 £ 0.25 m/yr w.e.) and mass change (-0.02 + 0.01 Gt/yr) both
reasonable estimates.
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Exit Glacier: Elevation change between 1994-148 and 2001-138
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Figure E13. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Exit 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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Exit Glacier: Elevation change between 1999-134 and 2001-138
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Figure E14. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Exit 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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Exit Glacier: Elevation change between 2001-138 and 2007-165
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Figure E15. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Exit 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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Exit Glacier: Elevation change between 1994-148 and 2007-165
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Figure E16. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Exit 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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Harris Glacier

Note that this glacier, informally named “Harris” by the technician generating these results, is
not commonly known by this name. We retain the usage for this report only to maintain internal
consistency. Other, more common informal names for this glacier in usage in the region are “Jap
Glacier” or “Glacier A.”

1996 — 2001: Data for the elevation change of Harris Glacier is extremely limited in its elevation
range, but does cover the highest values of the area altitude distribution from 1150 m to 1350 m
elevation. The quality of coverage is low. Where data exist they show a positive change in
elevation of ~ 1 m/yr for the glacier with subtle indications that this may increase in the upper
reaches of the glacier and decrease down glacier from where measurements are available. Due to
the lack of measurements, the range of uncertainty is greater than the value for both the mass
balance (0.6 £ 0.8 m/yr w.e.) and mass change (0.1 + 0.02 Gt/yr).

2001 — 2007: Similar to the previous period, the data are concentrated between 1150 and 1350 m
elevation on the glacier. They show negative changes in elevation with values typically around —
1 m/yr. The mass balance is negative at -0.95 + 0.63 m/yr w.e. and the mass change is also
negative at -0.20 + 0.13 Gt/yr over this period.

1996 — 2007: Data coverage is extremely limited. While a poor estimate, the calculated mass
balance is -0.2 + 0.4/-0.7 m/yr w.e. and the mass change is negligible.
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Harris Glacier: Elevation change between 1996-149 and 2001-137
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Figure E17. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for “Harris Glacier” (see text for alternate names). Beginning and ending dates
are given in the figure title, with year before the hyphen and day of year after.
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Harris Glacier: Elevation change between 2001-137 and 2007-165
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Figure E18. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for “Harris Glacier” (see text for alternate names). Beginning and ending dates
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are given in the figure title, with year before the hyphen and day of year after.
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Harris Glacier: Elevation change between 1996-149 and 2007-165

N
T

(=)

Change in Elevation (m/yr)
)

_4_ .................................................................................................................................................... —
_6_ .................................................................................................................................................. —
-8 i i i i i i i i i
700 800 800 1000 1100 1200 1300 1400 1500
Elevation (m)
Mass Balance = -0.2 +0.4/-0.7 m/yr W.E.
Mass Change = -0.0 +0.2/-0.2 Gt/yr
Area Altitude Distribution
“’lg o0 I ............... I ............... I ............. I ............ ,Dérea..AV I e E| Vatién..: .1.2éo.m..._
=3 | : | | |  VTotaharea = 209 km*
8 10_ T P . e DU NN .............. ............ —
< j | |

0 L 1 i i i
600 700 800 900 1000 1100 1200 1300 1400 1500
Elevation (m)

Figure E19. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for “Harris Glacier” (see text for alternate names). Beginning and ending dates
are given in the figure title, with year before the hyphen and day of year after.
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Holgate Glacier

1994 — 2001: The elevation range of available data is limited to 600 to 1000 m elevation. While
this covers most of the area of the glacier, it does miss the uppermost regions of Holgate.
Elevation changes during this period for Holgate are slightly negative with values between ~ -0.2
to ~ -0.5 m/yr. The small negative change combined with the large areas of the glacier that
remain unmeasured create significant uncertainty in the mass balance (-0.2 £ 0.4 m/yr w.e.). The
small change in elevation and small size of the glacier lead to negligible mass change.

2001 — 2007: The distribution of data with respect to elevation is similar to that of the 1994 —
2001 comparison. However, the elevation changes are more negative than the previous period,
creating a more negative mass balance (-0.96 + 0.37 m/yr w.e.) and mass change (-0.08 £ 0.03
Gt/yr).

1994 — 2007: Data coverage is reasonable below 1100 m, but Holgate has significant area above

1100 m and so much of the elevation change is not sampled. For what is measured, we calculate
a mass balance of -0.57 = 0.30 m/yr w.e. and a mass change of -0.04 + 0.02 Gt/yr.
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Holgate Glacier: Elevation change between 1994-149 and 2001-138
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Figure E20. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Holgate 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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Holgate Glacier: Elevation change between 2001-138 and 2007-165
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Figure E21. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Holgate 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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Holgate Glacier: Elevation change between 1994-149 and 2007-165
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Figure E22. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Holgate 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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Kachemak Glacier

1996 — 2001: The flight paths of 1996 and 2001 only overlap in the bottom half of Kachemak
Glacier, leaving the upper half unsampled. The lowest section of Kachemak shows elevation loss
over this period with a maximum loss of ~ 2 m/yr at the toe and losses lessening to zero at 800
m. Above 800 m the elevation change is increasingly positive to ~ 0.8 m/yr at 1000 m, which is
the upper limit of the available measurements. Based on the trends of other glaciers on the
Harding Icefield during this period, it is likely that the increasingly positive elevation change
continued into the unmeasured upper reaches of the glacier. Based on the available
measurements, we see a slightly positive mass balance (0.2 + 0.4 m/yr w.e.), but a negligible
mass change (0.0 Gt/yr) due to the small size of Kachemak and only slight elevation change.

2001 - 2007: The available data are also limited during this period, but where coverage exists it
shows significant negative changes in the surface elevation with typical values of -2 m/yr. The
mass balance and mass change are both negative with values of -1.40 £ 0.50 m/yr w.e. and -0.03
+ 0.01 Gt/yr, respectively.

1996 — 2007: The elevation range covered in this period is similar to the two shorter
measurement periods of Kachemak, but data is overall generally sparser within the covered
elevation range. The estimated mass balance was negative (-0.67 + 0.41 m/yr w.e.) during this
time and the mass change was slightly negative, but essentially negligible over this period at -
0.01 + 0.01 Gtl/yr.
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Kachemak Glacier: Elevation change between 1996-139 and 2001-138
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Figure E23. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Kachemak Glacier. Beginning and ending dates are given in the figure title,
with year before the hyphen and day of year after.

93



Kachemak Glacier: Elevation change between 2001-138 and 2007-165
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Figure E24. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Kachemak 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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Kachemak Glacier: Elevation change between 1996-139 and 2007-165
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Figure E25. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Kachemak 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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McCarty Glacier

1996 — 2001: The coverage of McCarty over this period is sufficient to provide a coherent
picture of the elevation changes across the majority of the glacier. Elevation changes are
generally positive above ~450 m elevation, with typical values of ~1 m/yr and ranging from zero
to just under 2 m/yr. Below 450 m, the elevation changes are strongly negative reaching values
as low as -6 m/yr, but relatively little area of the glacier is below this elevation range and so the
mass balance overall remains positive, but with significant negative uncertainty (0.4 +0.3/-0.7
m/yr w.e.) and the mass change is negligible (0.0 + 0.1 Gt/yr).

2001 - 2007: All of the measured elevations of McCarty show negative elevation changes over
this period ranging from -1 m/yr at 1200 m elevation to -12 m/yr at the base of the glacier. The
mass balance is negative (-1.25 +0.53/-1.01) and the mass change is also negative (-0.14 £ 0.11
Gt/yr).

1996 — 2007: Data coverage is similar for this decade compared to the two shorter periods
contained within. The mass balance is negative (-0.5 +0.6/-0.4 m/yr w.e.) and the mass change is
slightly negative (-0.06 = 0.05 Gt/yr). However, uncertainties for both values are large due to the
lack of coverage above ~1300 m.
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McCarty Glacier: Elevation change between 1996-140 and 2001-138
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Figure E26. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for McCarty 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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McCarty Glacier: Elevation change between 2001-138 and 2007-165
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Figure E27. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for McCarty 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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McCarty Glacier: Elevation change between 1996-140 and 2007-165
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Figure E28. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for McCarty 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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Northwestern Glacier

1996 — 2001: Data are limited for Northwestern over this period, but do cover the elevation
range with the largest areas of the glacier. Due to the poor coverage of this data, it is not intended
for use beyond this progress report. However, even where there is coverage the data are
relatively sparse and show significant spread beyond the 1 m/yr values that are typical between
~850 and 1100 m elevation. The calculated mass balance and mass change are likely not
accurate.

2001 — 2007: Data are even sparser for Northwestern during this period than the previous
measurement period.

1996 — 2007: Data coverage is extremely limited. The estimate mass balance and mass change
are likely not accurate.
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Northwestern Glacier: Elevation change between 1996-139 and 2001-137
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Figure E29. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Northwestern 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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Northwestern Glacier: Elevation change between 2001-137 and 2007-165
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Figure E30. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Northwestern 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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Northwestern Glacier: Elevation change between 1996-139 and 2007-165
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Figure E31. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Northwestern 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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Skilak Glacier

1994 — 2001: The data coverage for Skilak is quite good with fairly continuous coverage from
500m to 1200 m elevation and includes most of the area of the glacier. The elevation change is
only slightly negative with values between zero and ~ 0.5 m/yr over most of the measured
elevation range. The mass balance is slightly negative at -0.32 +0.13/-0.19 m/yr w.e. The mass
change is also slightly negative at -0.04 £ 0.02 Gt/yr.

2001 - 2007: The data coverage remains strong for Skilak over this period. Elevation changes
are relatively constant over the glacier, but have become more negative compared to those of
1994 — 2001 with values around -2 m/yr. The more negative changes in elevation cause more
negative estimates of the mass balance (-1.19 +0.24/-0.26 m/yr w.e.) and mass change (-0.14 +
0.03 Gt/yr).

1994 — 2007: Skilak shows fairly constant elevation change over these 13 years, similar to the
sub-periods from 1994 — 2001 and 2001 — 2007. Elevation changed by ~ -1 m/yr for most of the
measured elevations of the glacier. The mass balance is negative, -0.65 + 0.26 m/yr w.e., and the
mass change is also negative, -0.08 £ 0.03 Gt/yr.
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Skilak Glacier: Elevation change between 1994-149 and 2001-139
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Figure E32. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Skilak 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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Skilak Glacier: Elevation change between 2001-139 and 2007-165
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Figure E33. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Skilak 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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Skilak Glacier: Elevation change between 1994-149 and 2007-165
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Figure E34. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Skilak 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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Tustumena Glacier

1994 — 2001: The data coverage of Tustumena is likely the best of all the glaciers in the Harding
Icefield with continuous and dense coverage from the base to the uppermost reaches of the
glacier. Elevations changes are near zero above 1300 m, but are increasingly negative moving
down the glacier from 1300 m with a maximum negative change of about -2 m/yr at the base of
the glacier. The mass balance is negative, but not strongly so at -0.46 +0.18/-0.11 m/yr w.e., but
the large size of the glacier (384 km?) leads to a noticeable negative mass change of -0.18 + 0.04
Gtlyr.

2001 - 2007: The data coverage for this period is also quite strong, but does miss the uppermost
reaches of Tustumena. However, based on the similar patterns of change for both the 1994 —
2001 and 2001 — 2007 periods, it is reasonable to assume that the model of the surface elevation
change is relatively accurate where data coverage is absent. The elevation changes are more
strongly negative compared to the 1994 — 2001 changes with negative changes observed for all
measured elevations. The negative elevation change grows moving down the glacier from a
value of ~ -1 m/yr at 1400 m elevation to ~ -4 m/yr at the base of the glacier (~200 m). The mass
balance and mass change are both more negative over this period compared to the 1994 — 2001
comparison, with values of -1.34 + 0.30 m/yr w.e. and -0.51 £ 0.12 Gt/yr, respectively.

1994 — 2007: Data coverage remains strong for the broader period from 1994 to 2007. The mass

balance and change are averages of the two sub-periods at -0.86 + 0.07 m/yr w.e. and -0.33 =
0.03 Gt/yr, respectively.
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Tustumena Glacier: Elevation change between 1994-149 and 2001-139
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Figure E35. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Tustumena 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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Tustumena Glacier: Elevation change between 2001-139 and 2007-165
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Figure E36. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Tustumena 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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Tustumena Glacier: Elevation change between 1994-149 and 2007-165
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Figure E37. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Tustumena 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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Guyot Glacier

2007 — 2012: There is significant spread in the elevation change data for this period, but the dz
data are consistent enough to provide a reasonable estimate of surface elevation changes. The
glacier is not sampled above 1600 m and so a reasonable area of the glacier remains unsampled.
The mass balance estimate is slightly positive, but essentially insignificant due to the large
uncertainty (0.2 + 0.6 m/yr w.e.) and the mass change is negligible.
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Guyot Glacier: Elevation change between 2007-238 and 2010-235
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Figure E38. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Guyot 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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Guyot Glacier: Elevation change between 2010-235 and 2012-234
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Figure E39. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Guyot 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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Guyot Glacier: Elevation change between 2007-238 and 2012-234
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Figure E40. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Guyot 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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Hubbard Glacier
2001 - 2007: The glacier is unsampled above ~2200 m and dz values show significant spreading

below this elevation. This leads to large uncertainties in the mass balance (0.1 +0.4/-0.3 m/yr
w.e.) and mass change (0.2 + 0.8 Gt/yr).

2007 — 2012: Despite the inclusion of the LiDAR system, the results are relatively similar to
those of 2001 — 2007 with large uncertainties in the mass balance (0.1 +0.4/-0.7 m/yr w.e.) and
mass change (0.3 £ 1.8 Gt/yr).

116



Hubbard Glacier: Elevation change between 2001-157 and 2007-161
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Figure E41. Details of calculated elevation changes by elevation (upper panel) and the area altitude

distribution (lower panel) for Hubbard 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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Hubbard Glacier: Elevation change between 2007-161 and 2012-145

4 ¥ ! S R ! ! !
. 2 ..................................................... -
| -
Sn o A el & 4% ¢ VAN e 0 0
L i T A FITTI™ Y s o T D S L
E
- O
ke e
8 U
©
D DR b P T R _
L
=
Q
O) _4 ................................................. —
[ &
4]
o

&
_6 . g ......................................................... —

8 i i \ i i i i
500 1000 1500 2000 2500 3000 3500
Elevation {m)

Mass Balance = 0.1 +0.4/-0.7 m/yr W.E.
Mass Change = 0.3 +1.8/-1.8 Gt/yr
Area Altitude Distribution

Ng ' ' Arga Averéged Elevation = 1920 Im
5’ 50F ..................... ................................................... Totalarea=25.]1 km2_
S : : | ? | |
o)
<

i I I i j
1500 2000 2500 3000 3500

Elevation (m)

500 1000

Figure E42. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Hubbard 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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Hubbard Glacier: Elevation change between 2001-157 and 2012-145
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Figure E43. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Hubbard 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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Kennicott Glacier
2000 — 2007: No comparison points exist above ~2500 m elevation, which excludes about 30%

of the glacier. Coverage below 2500 m is reasonable and shows elevation losses ranging from -3
m at the toe to near zero at 2500 m. The mass balance is negative, but with large uncertainties (-
0.4 £ 0.5 m/yr w.e.). The mass change is negligible.
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Kennicott Glacier: Elevation change between 2000-168 and 2007-154
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Figure E44. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Kennicott 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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Nabesna Glacier
2000 — 2007: Data coverage is quite good for Nabesna over this period. There is relatively little

area above the upper limit of the data at 2600 m. Nabesna showed decreasing surface elevation
over this period with values ranging from about -2 m/yr at the toe to zero at 2500 m. The mass
balance and change are both negative with values of -0.42 + 0.24 m/yr w.e. and -0.42 + 0.23
Gt/yr, respectively.
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Nabesna Glacier: Elevation change between 2000-172 and 2007-154
4 ! ! ! ! !

M
T

o

Change in Elevation (m/yr)
4'>I. N

2
T

gl | i i i i i
1000 1500 2000 2500 3000 3500 4000
Elevation {m)

Mass Balance = -0.42 +0.24/-0.23 m/yr W.E.

Mass Change = -0.42 +0.23/-0.23 Gt/yr
Area Altitude Distribution

N’g I I ' Area Averfaged Elevatibn = 2270 mI
R 0] EE Y M Total area =.1002 k'
[4»] : : : :
2
<

0 ] i i I I i i
1000 1500 2000 2500 3000 3500 4000
Elevation (m)

Figure E45. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Nabesna 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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Yahtse Glacier

There are multiple periods of measurement for Yahtse Glacier. We summarize the periods
together since the trends and data quality are relatively consistent throughout all measurement
periods. From 2006 to 2012, Yahtse consistently shows increases in surface elevation and
positive mass balances. From 2006 — 2012 the mass balance was positive (0.2 +0.2/-0.1 m/yr
w.e.) with mass balance increasing through the measured years with the highest value of 1.17
+0.37/-0.32 m/yr w.e. from 2010 to 2012. Similarly, the mass changes are consistently positive
throughout the measurement periods with an overall value of 0.12 + 0.10 Gt/yr from 2006 to
2012 and the highest value (0.90 £ 0.24 Gt/yr) observed from 2010 to 2012.
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Yahtse Glacier: Elevation change between 2006-241 and 2007-238
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Figure E46. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Yahtse 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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Yahtse Glacier: Elevation change between 2007-238 and 2010-235
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Figure E47. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Yahtse 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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Yahtse Glacier: Elevation change between 2010-235 and 2012-234
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Figure E48. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Yahtse 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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Yahtse Glacier: Elevation change between 2006-241 and 2012-234
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Figure E49. Details of calculated elevation changes by elevation (upper panel) and the area altitude
distribution (lower panel) for Yahtse 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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