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ABSTRACT

The Bering and the Malaspina Glacier systems of south-central Alaska, U.S.A., and
southwest Yukon Territory, Canada, in the Saint Elias Mountains constitute the two
largest temperate surge-type piedmont glaciers on Earth.
glaciers and icefields in continental North America.

This is largest region of

Determining and understanding the

causes of wastage of these two glaciers is important to understanding the linkages of
glacier mass balance to climate change, glacier dynamics, and the contributions of the
glaciers of northwestern North America to rising sea level.

Presented are the first

detailed estimate of the net mass balances of the Bering and Malaspina Glacier systems,
the effects of glacier dynamics on their accumulation areas, and the wastage of the
tidewater glaciers of Icy Bay.

The combined wastage of the Bering and Malaspina

Glacier systems from 1972 to 2003, 261.2 ± 16.5 km3 water equivalent over a glacier area
of 7734 km2, is equivalent to an area-average mass balance of -1.1 ± 0.1 m/y over that
time period.

This represents a contribution to global mean sea-level trend of +0.72 ±

0.05 mm, +0.023 ± 0.002 mm/yr from 1972 to 2003.

This is roughly 0.8% of the

modern sea-level rise as estimated from tide-gauges and satellites, and roughly 9% of the
contribution from non-polar glaciers and ice caps.
Glacier wastage has been caused by climate warming (negative mass balance)
superimposed on the effects of glacier dynamics. Near-concurrent surge of the three
largest glaciers of the Malaspina Glacier piedmont were observed during 1999 to 2002.
In addition, the tidewater Tyndall Glacier, whose retreat since 1910 was interrupted in
1964 by a major surge, also surged during 1999 to 2002.

These four surges have

occurred roughly 23 years after the 1976/77 shift of the Pacific Decadal Oscillation to its
current warm-wet phase.

Despite the increase of high-elevation snow accumulation

observed on Mt. Logan, the accumulation areas of the Bering and Malaspina Glacier
systems are being drawn down by the effects of glacier dynamics.
accelerated since 2000.

Wastage has
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PREFACE

The thesis presents the results of the research on the large glacier systems of
south-central Alaska, and Yukon in four principal chapters and two appendices.

Chapter

2 is an analysis of Bagley Ice Valley and Malaspina-Seward Glacier system that was
published in Geophysical Research Letters in 2003.

In this chapter the elevation

changes on Bagley Ice Valley and Malaspina Glacier are derived by differencing high
resolution digital elevation models (DEMs) derived from the NASA Shuttle Radar
Topography Mission and from Intermap Technologies, Inc., with those of the U.S.
Geological Survey, which span a multi-decadal time period.

The elevation changes

relate to effects from glacier dynamics and climate warming.
Chapter 3 is an analysis of the effect of surge dynamics on the mass balance of the
Bering Glacier system during 1972 to 2003 surge cycle.

The net mass balance of the

Bering Glacier system is estimated from two independent methods; here termed the
Small-Aircraft Laser Altimeter (SAA)-to-DEM method and the Difference DEM method,
over interannual to multi-decadal periods.

The 1993 surge, and preceding surges,

increased the ice mass flux throughout Bagley Ice Valley and the high altitude tributary
glaciers Jefferies and in particular Quintino Sella, whose elevations lowered.

The

elevations of Bagley Ice Valley rose in response to ice input from Quintino Sella Glacier.
The net mass balance of the system is estimated and discussed.
Chapters 4 is an analysis of the surges of the Malaspina Glacier system observed from
1972 to 2005.

This chapter describes the change in direction of the 2002 surge relative

to the previous 1988 surge and verifies the hypothesis of folded medial moraine
formation first proposed by A. Post in the 1960s. The surge of Agassiz Glacier, the
western lobe of the Malaspina piedmont, is examined through its surface morphology and
elevation changes.

This chapter also links the observed near-concurrent surges of

Seward lobe, Agassiz and Marvine Glaciers to the hypothesis of increased water storage
in their englacial hydrologic systems as a key aspect of surge initiation.

Elevation

changes derived through comparison of the Ice, Cloud and land Elevation Satellite

xvii
(ICESat) altimetry and DEMs show that the upper Seward Glacier, the high-elevation
accumulation area of the system, was drawn down by the 2002 surge which began on
lower Seward Glacier.

In addition, lowering of the east half of the Seward lobe and the

folded debris-covered ice-cored moraines have accelerated by a factor of two since 1999,
relative to surface lowering rates from 1972 to 1999.
Chapter 5, accepted for publishing-pending revisions to the Earth and Planetary
Science Letters, details multi-decadal and recent elevation changes on the tidewater
glaciers, Guyot, Yahtse and Tyndall Glaciers of Icy Bay.

The changes are related to

tidewater glacier dynamics and the effects of climate warming.

Spaceborne laser

altimeter elevation data are used with elevation data from high resolution DEMs.
Estimates of multi-decadal area-average elevation changes on Guyot, Yahtse and Tyndall
Glaciers are presented.

Tidewater glacier dynamics in the retreat-phase of the tidewater

calving cycle accounts for drawn down of the accumulation area elevations, causing mass
loss and strongly negative mass balance.
Chapter 6 summarizes the research from all chapters.

Building upon these, I

combine the net mass balance estimates from the Bering and Malaspina Glacier systems
to estimate their combined contribution to rising sea level from 1972 to 2003.

This I

consider to be the main result of the research.
Appendix 1 gives notes on the history of the National Geodetic Vertical Datum of
1929 and the North American Vertical Datum of 1988 and their role in geodetic
measurements in Alaska.
Appendix 2 comprises the methods and data I used to estimate seasonal snow depth,
used to adjust altimetry and DEM elevations.

This is done by using: i) the glacier mass

balance model; ii) published in-situ surface snow densities from Malaspina-Seward and
Ogilvie Glacier; and iii) an estimate of winter snow surface density from.

Seasonal

snow accumulation (i.e. snow depth) in the form of polynomial functions of elevation,
adjust the NASA DEMs to a September 1, 1999 glacier surface level and the ICESat
altimetry to September 1 in the year (2003 through 2005) of their acquisitions.
adjustments are necessary to compute elevation changes on a same-season basis.

These

xviii
ACKNOWLEDGEMENTS

I thank Dr. Craig S. Lingle whose grants ARC-0612537 through the National Science
Foundation Office of Polar Programs Arctic Natural Sciences, NAG5-11336,
NAG5-9901, NAG5-12914 and NAG5-13760 through the NASA Cryosphere Sciences
and Solid Earth and Natural Hazards Programs supported this work; the NASA Scientific
Data Purchase Program for funding the acquisition and processing of the Bagley Ice
Valley DEM and the Malaspina DEM by Intermap Technologies Inc.; the National
Geospatial-Intelligence Agency University Research Initiative (NURI) Program for
providing support through grant NMA 501-03-1-2026 to Dr. Lingle; and Drs. Jeffrey
Freymueller, Shusun Li, and Anupma Prakash for serving on my thesis committee.

Dr.

Bernhard T. Rabus who furnished n the NASA DLR SRTM DEM of southern Alaska; the
DLR’s S. Dech and A. Roth for supporting outside-schedule processing of the SRTM
X-band data and W. Knoepfle for providing assistance during mosaicking of the
multi-pass swath acquisitions; Dr. Jeanne Sauber, NASA Goddard, of the ICESat Science
Team, and the personnel of the National Snow and Ice Data Center (NSIDC) are thanked.
Personal thanks are extended to Mrs. Roberta and Dr. Austin Post; Mrs. Andrea and Mr.
Wendell V. Tangborn; Drs. Keith A. Echelmeyer, David Covey, Jon Dehn, Carl Benson,
Will Harrison, Hajo Eicken, Ed Bueler; Messrs Ken Dean, Tom Heinrichs, Kevin Engle,
Dayne Ellanna, Ms. Celia Rohwer; Dr. Bruce Molnia of the U.S. Geological Survey.

Dr.

Syun-ichi Akasofu (Director Emeritus) of the International Arctic Research Center
(IARC); Dr. Larry Hinzman (Director IARC); the IARC Staff; Dr. Don Atwood and Mr.
Rick Guritz (of the Alaska Satellite Facility [ASF]); Dr. Roger Smith, Director of the
Geophysical Institute (GI) for supporting grants; the GI / IARC Staff; The Alaska Region
Supercomputing Center (ARSC); Drs. Paul Layer and Michael Whalen (co-Chairs),
Department of Geology and Geophysics are thanked. My parents and relatives can take
great pride in this accomplishment.

1
Chapter 1
Introduction to the Thesis

1.1

The Bering and Malaspina Glacier Systems

The Bering and Malaspina Glacier systems, together covering an area of about 10,174
km2 in south-central Alaska, U.S.A., and southwest Yukon, Canada, in the Saint Elias
Mountains, constitute the two largest temperate surge-type glaciers on Earth [Molnia,
2001].

With the tidewater glaciers of Icy Bay, Hubbard Glacier, and the other notable

glaciers of the adjoining eastern Chugach and Wrangell Mountains, these ranges
constitute the largest glacierized region of continental North America [Molnia, 2007].
The total area of this region is in excess of 25,000 km2 (Fig. 1).

Around 1700 AD,

Hubbard Glacier filled all of Disenchantment Bay, as far south as Blizhni Point on the
eastern side of Malaspina Glacier [Plafker and Miller, 1958].

In the 1870s, Icy Bay was

completely filled by a calving tidewater glacier which extended into the Gulf of Alaska
beyond the coastline on the west side of Malaspina Glacier [Colton, 1873].

Today, as

impressive as the Malaspina Glacier is, we see from the vantage point of polar-orbiting
satellites the vestiges of a former substantially greater coastal ice mass.
The Bering and Malaspina Glacier systems, as well as the other glaciers of
south-central Alaska, have been subjects of exploration since the 18th century [Molnia
and Post, 1995; Molnia, 2001; Barclay et al., 2001, 2006].

From then until 1867,

Russian administrative control of the territory of Alaska, under Tsar Alexander II, was
carried out by the Russian-American Company [Jensen, 1975].

In 1741 Captain Vitus

Bering (of Denmark), in the service of Russia, led a voyage to explore the coastal regions
of Alaska.

He made landfall near the terminus of Bering Glacier and the proglacial lake

which today bears his name.

He and his party, however, do not mention sighting Bering

Glacier in their ships notebooks.

In 1837 and 1839, the British ship H.M.S. Sulfur, led
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by Captain Edward Belcher made the first observation of the Bering Glacier terminus
while scouting the coast of southern Alaska [Pierce and Winslow, 1979]. Notes of 30
August 1837 from Capt. Belcher and drawings from the ship’s draftsman indicate the
Bering Lobe was either in surge or was observed shortly after a surge.

The name

“Bering Glacier” dates from an 1880 U.S. Coast and Geodetic Survey chart [Molnia and
Post, 1995].

Independently, Lieutenant H.W. Seaton-Karr, a member of the New York

Times expedition to the glaciers of south-central Alaska in August 1886, also applied the
name “Bering Glacier” to the piedmont lobe of this glacier.
The Vancouver expeditions (1790-1795) mapped coastal Alaska from Dixon Entrance
to Cook Inlet, a follow-up of Cook’s search for the Northwest Passage and settlement of
matters relating to a treaty with Spain [Vancouver, 1798].
map of what is now Icy Bay.

Vancouver produced the first

At that time, the calving termini of Guyot, Tyndall and

Yahtse Glaciers were combined and completely filled Icy Bay [Post and Plafker, 1974;
Barclay et al., 2006; Molnia, 2007].

During the 19th century, Belcher and Seaton-Karr,

among other European and North American explorers, visited Icy Bay and made
subsequent observations and mapped the changes of the terminus position.
In 1890 and 1891 the U.S. Geological Survey (USGS) sponsored two expeditions to
attempt the first ascent of Mount Saint Elias, led by Israel C. Russell [Jones, 1976].
During these expeditions Russell mapped the piedmont lobes of the Malaspina Glacier
system, which at the time was joined with the calving tidewater glaciers of Icy Bay.
Although both attempts on Mount Saint Elias were unsuccessful, Russell discovered the
route to the summit and was the first to observe part of what is today called Bagley Ice
Valley on his first expedition.

During his second expedition he observed the Bering

Glacier / Bagley Ice Valley source area to the north of Mount Saint Elias, on the western
slopes of Mount Logan, known today as Quintino Sella Glacier [Washburn, 1935; Molnia
and Post, 1995].

Russell named the vast accumulation area of the Malaspina Glacier (in

Yukon) Seward Glacier after William Henry Seward (Secretary of State in the Lincoln
and Johnston administrations), who negotiated the purchase of Alaska from Russia in
1867.

In 1899, Luigi Amedeo of Savoy, Duke of Abruzzi, crossed the Seward lobe of
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Malaspina Glacier enroute to making the first ascent of Mount Saint Elias [Washburn,
1935].

From the summit, as noted by expedition narrator Fillippo de Fillippi, the Duke

observed a “huge glacier” which he christened Columbus Glacier [Molnia and Post,
1995].

Today the name Columbus Glacier is recognized as the highest portion of

Bagley Ice Valley, extending from east of the mouth of Quintino Sella Glacier, to the flow
divide with Seward Glacier in Yukon.

While on the summit the Duke christened the

highest-altitude source region of Bering Glacier, Quintino Sella Glacier on the western
flanks of Mount Logan, after the illustrious pioneer of Italian Alpinism.

The immense

Malaspina Glacier is named for Captain Alejandro Malaspina, leader of the 1789
expedition to south-central Alaska (landfall, 1791), who charted the Yakutat and
Disenchantment Bays [Barclay et al., 2001, 2006].

The expedition ships could only

venture as far north as Haenke Island, due to numerous icebergs from Hubbard Glacier
which, at that time, was in the retreat-phase of its tidewater glacier cycle.
Scientific expeditions sponsored by the National Geographic Society, lead by R.S.
Tarr, and later by R.S. Tarr and L. Martin, visited the piedmont lobe of Malaspina Glacier,
Hubbard Glacier and the conjoined glaciers filling Icy Bay during in the first decade of
the 20th century [Washburn, 1935; Post and Plafker, 1974; Barclay et al., 2001, Barclay
et al., 2006].

Mapping of the Hubbard Glacier terminus indicated advance beginning

sometime after 1895. Similar mapping at Icy Bay, however, suggested a slow-retreat
beginning sometime after 1888, became rapid-retreat between 1904 and 1910.
Beginning in the late-1920s, aerial photography was applied to glacier studies in
southern Alaska [Washburn, 1935; Molnia and Post, 1995].

Bradford Washburn made

the first aerial reconnaissance photographic surveys of Malaspina Glacier in 1933 and
Bering Glacier in 1938.

These aerial surveys yielded the most complete overviews of

the immense Bering and Malaspina Glacier systems available at the time.
Following World War II, geophysical exploration methods were applied to the Bering
and Malaspina Glacier systems.

From 1948 through 1954, Project Snow Cornice,

directed by W.A. Wood of the Arctic Institute of North America, with support from the
Office of Naval Research, and led by Dr. Robert P. Sharp of the California Institute of
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Technology, made extensive seismic, gravity, drilling, mass balance, snow facies /
stratigraphy / density and glacier fabric studies of the Malaspina Glacier system [Sharp,
1951, 1958; MacDonald, 2005].

Other organizations including the American Alpine

Club, the Civil Aeronautics Authority, the U.S. Weather Bureau, Bellingham Canning
Company of Yakutat, the Seventh Coast Guard District, and the U.S. Air Force Tenth Air
Rescue Squadron provided further financial and logistical support.

This project resulted

in the first aerial photographic mosaic of the central Seward lobe in 1948, by the U.S.
Navy [B. Molnia, pers. comm.].
During the 1950s through 1980s, the USGS continued aerial photographic field
reconnaissance surveys of the Bering and Malaspina Glacier systems as well as other
glaciers in south-central Alaska.

In 1959, USGS geologist D. J. Miller made the second

known crossing on foot of Bagley Ice Valley; the first known crossing on foot occurred in
1905/06 by Miller and James Barkley [Winkler, 2000].

In 1962 a USGS aerial survey of

the Malaspina piedmont was again undertaken [B. Molnia, pers. comm.].

The resulting

mosaic at that time was by Austin S. Post of the USGS, who meticulously plotted the
folded moraine positions [Krimmel and Meier, 1975].

Over the next 40 years, Post

chronicled the surging character of the Malaspina and Bering Glacier systems, as well as
the other glaciers of Alaska, using aerial photographic surveys.

In 1973 the first image

of the Malaspina piedmont from the Earth Resources Technology Satellite (forerunner of
the Landsat series) was used by R.M. Krimmel and M.F. Meier, with the A. Post aerial
mosaic, to measure surface flow vectors.

Landsat images acquired from 1972 through

1981 constitute the baseline images used to document changes in terminus position and
other changes shown in the Satellite Image Atlas of the Glaciers of the World Series
[Molnia, 2007].

Landsat images from 1976 and X-band airborne radar data acquired in

1976 and 1980 were used to map the progression of the folded medial moraines.

In

1978 NASA’s Seasat, carrying the first spaceborne synthetic aperture radar (SAR)
(L-band), acquired imagery of the Malaspina piedmont [Hall and Ormsby, 1983].

In

1986 the USGS undertook the Malaspina Glacier Radar Study, using a side looking
airborne radar (SLAR) which acquired radiometric images showing glacier bed
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morphology expressed in the surface topography of the piedmont [Molnia and Jones,
1989; Jones et al., 1989].
Post [1960] published a study of the sudden advances of Muldrow, Black Rapids and
Susitna Glaciers which established the groundwork for recognizing glacier surges.
Furthermore, Bering Glacier was identified as “the largest surging glacier in North
America” [Meier and Post, 1969].

D. J. Miller of the USGS, while mapping bedrock

and glacial drift around the Bering piedmont lobe, reported that Bering Glacier had been
in intermittent retreat during the first half of the 20th century [Miller, 1961]. Post and
Mayo [1971], upon studying the glacier dammed lakes of southern Alaska, identified the
Berg Lakes, west flank of Steller Glacier, as posing a threat of catastrophic discharge into
Bering River.

This occurred in 1984, 1986 and 1994. Post [1972] showed that the

complex folds of Bering’s medial moraines were a product of surging.

W. O. Field, in

1975, provided the most detailed description of Bering Glacier at that time [Field, 1975].
Molnia and Post [1995] summarized the Holocene history of Bering Glacier up to the
1993 to 1995 surge.
The USGS Bering Glacier Research Project from 1989 to the mid-90s conducted ice
penetrating radar depth studies of the lower Bering Glacier, mapped the terminus position
of the Bering and Steller lobes, measured the bathymetry of Vitus Lake, studied the
glacio-fluvial sediment stratigraphy and carried out radiocarbon dating of moraine
deposits [B. Molnia, pers. comm.].

In August 1990 the USGS again commissioned an

X-band SLAR to acquire data which were processed into radar images of the Bering
Lobe [Molnia and Post, 1995].

The images showed that the central folded medial

moraine band was composed of about 25 folded medial moraine bands which were
formed by pre-20th-century surges.
The 1990s saw continued interest in the Bering and Malaspina Glacier systems.

For

the Bering Glacier system in particular, the beginning of the 1993-95 surge was identified
by University of Alaska Fairbanks, USGS and Cold Regions Research and Engineering
Laboratory personnel [Lingle et al., 1993; Fleisher et al., 1995; Muller and Fleisher,
1995].

Following the launch of the European Space Agency’s Earth Resources
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Satellites 1 and 2 (ERS-1/2), which carried C-band SARs, both the Bering and Malaspina
Glacier systems were extensively measured from space.

The surge of the Bering

Glacier system in 1993-95 was ideal for spaceborne SAR analysis, including sequential
image analysis and repeat-pass interferometric SAR (InSAR), because of the large scale
of this glacier [Lingle et al., 1997; Fatland and Lingle, 1998, 2002; Fatland et al., 2003;
Lingle and Fatland, 2003; Roush et al., 2003].

Using an ERS-1 exact repeat image pair,

cross-correlation was applied which yielded surface velocity vectors of the Seward lobe
of Malaspina consistent with the earlier surface velocity analysis of Krimmel and Meier
[Lingle et al., 1997].

An ERS-1/2 exact repeat Tandem Mission image pair yielded the

first interferogram image of the Seward Lobe.
Now in the first decade of the 21st century, research continues.

The German

Aerospace Center, developer of the X-band SAR carried on the February 2000 NASA
Shuttle Radar Topography Mission (SRTM), a principle partner with NASA, became the
first to use simultaneous C-band and X-band SAR acquisitions to produce high-resolution
digital elevation models (DEMs) of the Malaspina Glacier system and parts of the glacier
systems to the west and east of Malaspina [see Chapters 2, 3, 4 and 5].

Most recently,

gravity data from the Gravity Recovery and Climate Experiment are being used to
estimate the glacier mass changes throughout south-central Alaska [Tamisiea et al.,
2005].

1.2

Thesis Objectives

The thesis presents research studies of the Bering and Malaspina Glacier systems to
estimate glacier area-average elevation changes on inter- and multi-decadal periods.
This is accomplished through the use of high resolution airborne [Intermap Technologies,
Inc.], the spaceborne SRTM X/C-Band InSAR DEMs, the Ice, Cloud & land Elevation
Satellite (ICESat) Geoscience Laser Altimeter System data, and the DEMs and
cartographic products from the USGS and the Natural Resource Canada-Center for
Topographic Data and small-aircraft laser altimetry.

Supporting data for the analysis of
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the DEMs comes from along-track spaceborne laser altimeter data acquired by NASA’s
ICESat; high-resolution spaceborne imagery acquired by the NASA/JAXA1 Advanced
Spaceborne Thermal Emission and Reflectance Radiometer sensor; oblique and vertical
aerial photography acquired by A. Post; and snow depth estimates based on published
in-situ

measurements,

used

in

conjunction

with

the

Precipitation-Temperature-Altitude-Area glacier mass balance model [Tangborn, 1999].
Analysis and propagation of random errors is carried out using the standard methods
described by, e.g Moffitt and Bouchard [1975].

The more subtle problem of estimating

systematic errors, particularly in the older USGS and Canadian DEMs, is accomplished
by standard methods described by, e.g Davis, [1986].
The importance of the net mass-balances of the Bering and Malaspina Glacier systems
can be seen by noting that the 20th century has witnessed continuing effects from climate
warming on the cryosphere [Dyurgerov and Meier, 2000], which are driving continuing
and accelerating sea-level rise [e.g. Science, March 16, 2007, vol. 315 (5818), special
issue on ice sheets vs. rising sea level].

Glacier mass-balance forms a direct link among

changes of the atmospheric environment, ocean mass and glacier dynamics [e.g. Paterson,
2001; Braithwaite, 2002]. Meier [1984] was the first to note that observed long-term
changes in the volume of small alpine glaciers (the transfer of water from glaciers to the
ocean, excluding Antarctica and Greenland) appeared to account for a third to possibly
half of the observed sea-level rise, approximately that fraction not explained by thermal
expansion of the ocean.
were large.

However, the uncertainties of Meier’s estimate at that time

Dyurgerov and Meier [1997], using a larger data set, noted that the

uncertainty of the contribution to sea-level rise from small glaciers would be greatly
reduced with long-term mass balance records of the large glaciers of northwestern North
America, as well as glaciers in Asia and Patagonia which were unknown at the time.
Dyurgerov and Meier [2000] observed that non-polar alpine glaciers, which had been
showing increased wastage over much of the 20th century, had accelerated in their
wastage in the mid-1990s [see also Arendt et al., 2002].
1

Japan Aerospace Exploration Agency

However, the Bering and
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Malaspina Glacier systems, as well as a large percentage of the other large glaciers of
Alaska-Yukon (as well as many that are not among the largest), are surge-type.

Has

surge-dynamics, with the effects of climate warming superimposed had an exacerbating
effect on their negative mass balances and increased their wastage?
The objectives of my research are:
1) to estimate glacier area-average elevation change, i.e., net mass-balance,

, as

defined by:

where ∆V is volume change during ∆t, Ā is the mean glacier area during ∆t and ∆t is
the time interval, preferably (or approximately) an integer number of years, of the
Bering and Malaspina Glacier systems, and the effects of surge dynamics which in
short removes glacier mass from high-elevation accumulation areas, e.g. Quintino
Sella Glacier, and transport it to the lower-elevation area where it is vulnerable to
melting.
2) to document my discovery of four near-concurrent surges, the piedmont glaciers of
Malaspina Glacier system, and the tidewater Tyndall Glacier in 1999-2002 which
supports the hypothesis of Lingle and Fatland [2003] for englacial-basal water being
a trigger of surging when a glacier has attained a pre-surge thickness.

Furthermore,

these surges have occurred 23 years after the shift of the North Pacific Decadal
Oscillation to the current warm-wet phase [see e.g. Hartmann and Wendler, 2005], i.e.
more water from increased precipitation and more water from increased melting,
together, makes for a linkage of surging with meteorological conditions on a decadal
time scale.
3) to document the change of surge-flow direction on the Seward lobe of the Malaspina
Glacier system, directed to the SE during the 1987/88 surge and directed to the SSW
during the 1999-2002 surge, as this is the generating mechanism of the doubly folded
debris-covered ice-cored moraines.

This unique ability of surge-flow direction

change was deduced by A. Post in the 1960s from an analysis of air photos spanning a
period of 30-years.

My observation of the surge-flow direction change on the
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Seward lobe confirms the Post hypothesis.
4) Lastly, an analysis is given of multi-year and multi-decadal area-average elevation
changes of the tidewater glaciers of Icy Bay, Alaska.

These changes area related to

tidewater glacier dynamics, accumulation area drawdown during the retreat-phase of
the tidewater calving cycle, and the effects of climate warming.
Throughout this thesis I use the mass-balance terminology of Meier [1962].

The

fixed-date balance measurement system is used [Anonymous, 1969].
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Chapter 2

Multi-decadal Elevation Changes on Bagley Ice Valley and Malaspina Glacier,
Alaska1

Abstract.

Digital elevation models of Bagley Ice Valley and Malaspina Glacier

produced by (i) Intermap Technologies, Inc. from airborne interferometric synthetic
aperture radar data acquired 4-13 September 2000, (ii) the German Aerospace Center
from spaceborne InSAR data acquired by the Shuttle Radar Topography Mission 11-22
February 2000, and (iii) the US Geological Survey from aerial photographs acquired in
1972/73, were differenced to estimate glacier surface elevation changes from 1972 to
2000. Spatially non-uniform thickening, 10 ± 7 m on average, is observed on Bagley Ice
Valley (accumulation area) while non-uniform thinning, 47 ± 5 m on average, is observed
on the glaciers of the Malaspina complex (mostly ablation area). Even larger thinning is
observed on the retreating tidewater Tyndall Glacier. These changes have resulted from
increased temperature and precipitation associated with climate warming, and rapid
tidewater retreat.

1

Muskett, R.R., C.L. Lingle, W.V. Tangborn and B.T. Rabus, Multi-dacadal Elevation Changes on Bagley
Ice Valley and Malaspina Glacier, Alaska, Geophysical Research Letters, vol. 30 (16) 1857,
doi:10.1029/2003GL0177, 2003.
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2.1 Introduction

Fronting the Gulf of Alaska, the St. Elias and eastern Chugach Mountains contain the
largest connected glacier and icefield complex in continental North America.

The

Bering and Malaspina Glacier systems (Fig. 2.1) have a combined area of about 10,200
km2: 5200 km2 and 5000 km2 respectively [Molnia, 2001].

Most glaciers in this region

are surge-type, with quasi-cycles of 5 to 30 years [Post, 1969].

Bagley Ice Valley

(formerly Bagley Icefield), a 100 km long glacierized valley, is the main accumulation
area of the Bering Glacier.

Its last major surge occurred in 1993-95 [e.g. Lingle et al.,

1993; Muller and Fleisher, 1995].

Crevassing on Bagley Ice Valley was observed in

August 1995 near the Canadian border [Herzfeld and Mayer, 1997].

Measurements of

accelerated flow by interferometric synthetic aperture radar (InSAR) indicated the surge
propagated up-glacier almost to the ice divide [Fatland and Lingle, 2002].

Below the

equilibrium line, heavy crevassing promoted increased ablation during subsequent
summer seasons [Muskett et al., 2000].

The Malaspina Glacier (Fig. 2.1), entirely in

ablation area, is mostly fed by Seward Glacier, which is flanked on its upper north side
by Mount Logan (5,959 m a.s.l.), in Yukon, Canada [Holdsworth and Sawyer, 1993].
Digital elevation models (DEMs) from the NASA Shuttle Radar Topography Mission
(SRTM) in 2000, and from Intermap Technologies, Inc., (ITI) in 2000, are used with US
Geological Survey (USGS) DEMs, whose data date from 1972/73, to derive
multi-decadal spatial patterns of glacier elevation changes that have resulted from the
combined effects of climate change and glacier dynamics.

2.2

Digital Elevation Models

The SRTM, 11-22 February 2000, had the first spaceborne single-pass SAR
interferometer [Eineder et al., 2001; Rosen et al., 2001].

Spearheaded by NASA and the

National Imagery and Mapping Agency, SRTM was an international effort that included
the Jet Propulsion Laboratory, DLR, and the Italian Space Agency.

It yielded
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single-pass interferometric data, C and X-Bands, of land between 60o N and 54o S for
processing into global DEMs.

The InSAR antenna configuration (precise measurement

of relative antenna location with laser rangers, star trackers and in-orbit Global
Positioning System - GPS) resulted in elimination of mapping errors characteristic of
repeat-pass satellite InSAR techniques [e.g. Joughin et al., 1996].

The subset of

X-Band InSAR DEM we use has a nominal pixel size of 25-by-25 m, relative to the
World Geodetic System 1984 (WGS-84) ellipsoid in the Universal Transverse Mercator
(UTM) projection system.

The nominal vertical accuracy is 6 m relative, 16 m absolute,

and the nominal horizontal accuracy is 15 m relative, 20 m absolute, at the 90%
confidence level.
The ITI airborne survey 4-13 September 2000 covered Bagley Ice Valley in Alaska
and Canada. Their InSAR system uses an X-Band dual antenna with onboard GPS and
ground corner reflectors to minimize error sources [Intermap Technologies,
2000]. DEMs were derived with 10 m postings, WGS-84 ellipsoid UTM system, having
root mean square accuracies of 2.5 m horizontal and 3 m vertical. Vertical accuracy of
the ITI DEM on Bagley Ice Valley was verified using near-concurrent small-aircraft laser
elevation profiling [see Echelmeyer et al., 1996; Muskett et al., 2001].

ITI provided

versions of the Bagley Ice Valley DEMs with elevations relative to the Earth Gravity
Model 1996 geoid and the WGS-84 ellipsoid.
The USGS DEM data were derived from relief plate contours corresponding to
1:63,360 scale topographic maps dating from aerial photos in 1972/73 [USGS,
1990]. The data have 2 arc seconds latitude by 3 arc seconds longitude elevation
postings relative to the North American Datum 1927. The vertical reference for
elevation is the National Geodetic Vertical Datum 1929 (NGVD 29). Nominal vertical
accuracy of the USGS DEMs is about 15 m (1/2 map contour interval).

2.3

Datum Transformations and Systematic Error Estimates
USGS DEMs were mosaicked, re-projected onto the WGS-84 UTM horizontal datum

(vertical datum not affected), and re-sampled to 30-by-30 m pixel size for co-registration.
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The SRTM DEM of Malaspina Glacier and the (mosaicked) ITI DEM of Bagley Ice
Valley were also re-sampled to 30-by-30 m pixels. The SRTM and ITI DEM were
adjusted to the GEOID99-Alaska datum (mean sea level datum) using data from the
National Geodetic Survey [National Oceanographic Atmospheric Administration, USA].
We take the GEOID99-Alaska datum to be the best approximation of sea level for Alaska,
equivalent to NGVD 29.
The USGS DEMs are the dominant source of elevation errors.

Systematic height

errors likely have two sources: 1) inadequate photogrammetric vertical control, and 2)
poor stereographic resolution in flat terrain, causing contour mislocation and shape
exaggeration, i.e. “contour floating.”
Vertical control errors of the USGS DEMs were estimated relative to the modern
DEMs in low-slope (0 to 2o) areas on Juniper Island (a Bagley Ice Valley nunatak at 60o
37’ N, 142o 21’ W, ~1300 m a.s.l.), and a sparsely vegetated area off the Malaspina
Glacier margin near Cape Sitkagi (59o 44’ N, 140o 45’ W, ~10 m a.s.l.).

Juniper Island

was found to be 9 + 27 m (200 points) too low and the area near Cape Sitkagi was found
to be within 0 + 10 m (200 points) respectively2.
Height errors caused by “contour floating” were estimated by comparing USGS DEM
contour shapes to corresponding ITI and SRTM DEM contour shapes on Bagley Ice
Valley and Malaspina Glacier, respectively.

We assume corresponding contours should

have the same shapes (not absolute elevations) in 1972/73 and 2000.

This assumption

was tested on Tyndall Glacier, where massive thinning has occurred (Table 1).

The

USGS contours showed little exaggeration (0 ± 2 m) although some up-glacier shift was
evident due to thinning.

Bagley Ice Valley (accumulation area) had a mean up-glacier

exaggeration of the USGS contours relative to the ITI contours suggesting the 1972/73
surface was mapped about 4 ± 3 m too low. Malaspina Glacier (ablation area) had a
mean down-glacier exaggeration of the USGS contours relative to the SRTM contours
suggesting the 1972/73 surface was mapped about 6 ± 3 m too high.

2

note added; see Thesis Appendix 1
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Lastly, a correction for cumulative snow depth (Fig. 2.2, upper curve) on Malaspina
Glacier was applied to adjust the SRTM DEM to a late summer surface for comparison to
the USGS DEM using the Precipitation-Temperature-Area-Altitude model of Tangborn
[1999] (Fig. 2.2 lower curve), with summer snow density measurements from Sharp
[1951, 1958] and Alford [1967], and a winter density adjustment estimate based on
Zwally and Li [2002]3.

2.4

Results

Elevation changes from 1972/73 to 2000 on Bagley Ice Valley, Malaspina Glacier and
their tributaries were estimated by subtracting the USGS DEMs (1972/73) from the ITI
(September 2000) and SRTM (February 2000) DEMs (Fig. 2.3).

The results (Table 2.1)

are corrected for systematic errors in the USGS DEMs, and winter snow depth in the case
of the SRTM DEM.

Estimates indicate spatially non-uniform thickening and thinning

of Bagley Ice Valley and portions of its tributary glaciers (e.g. Quintino Sella) (Fig. 2.3A,
Table 2.1).
average.

Above the equilibrium line, Bagley Ice Valley thickened by 10 ± 7 m, on
Thinning and local thickening of Malaspina Glacier are also spatially

non-uniform (Fig 2.3B, Table 2.1).

The total surface area of the Malaspina Glacier

complex (Agassiz, Seward lobe, Marvine and Hayden Glaciers) lowered by 47 ± 5 m, on
average.

Tyndall Glacier, a rapidly retreating tidewater glacier at Icy Bay (Fig. 2.1),

thinned by 63 ± 5 m, on average.

The terminus of Tyndall Glacier retreated about 13

km up-fjord during the 28 year period, mostly before 1990 [A. Post, per. comm.].

2.5

Summary and Interpretation

Substantial thinning was observed during the 28 year period from 1972/73 to 2000 in
the ablation areas of the Malaspina Glacier system, including Seward lobe and Agassiz,
Marvine, and Hayden glaciers.
3

note added: see Thesis Appendix 2

Greater thinning was observed on Tyndall Glacier, a
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tidewater glacier which discharges into Icy Bay (Fig. 2.1).

In contrast, significant

thickening was observed on Bagley Ice Valley, Bering Glacier’s accumulation area,
during the same 28 year period. These results were determined by differencing the US
Geological Survey digital elevation models, derived from aerial photography acquired in
1972/73, with DEMs derived from interferometric synthetic aperture radar data acquired
in September 2000 by Intermap Technologies, Inc., and February 2000 by the Shuttle
Radar Topography Mission.

Our results are consistent with those of Arendt et al. [2002],

who found substantial thinning of 67 glaciers throughout Alaska, Yukon, and NW British
Columbia in their ablation areas, and lesser thinning, or even slight thickening, at higher
elevations in their accumulation areas, from the mid-1950s to 2001.
National Weather Service data (1973) shows regional mean annual precipitation of 2
to 6 m [Mayo, 1989]. A high-altitude core (60.6o N, 140.6o W, 5340 m a.s.l.) on Mt.
Logan shows accumulation increasing since about 1850, with the most rapid increase
since 1976 [Moore et al., 2002].

At sea level, National Weather Service data averaged

for Yakutat and Cordova (Fig. 2.1) show daily mean temperature and precipitation
increased during 1976-2001 relative to 1950-1975 (Fig. 2.4).

In particular, both

temperature and precipitation were substantially higher in winter, with precipitation also
substantially higher in fall (Fig. 2.4).

The measured increased precipitation at both high

and low elevations suggest this was a contributing factor to the increased elevations
observed on Bagley Ice Valley (Fig. 2.3A), in addition to surge dynamics [Fatland and
Lingle, 2002].

Decadal variation in the snow accumulation rate and temperature will

also have affected the firn densification rate, thus affecting changes in surface elevation
[Zwally and Li, 2002].

The US Geological Survey and the Intermap digital elevation

models were each acquired 5 years after the 1965-67 and 1993-95 surges, respectively;
however, a very large surge also occurred in 1957-60 [e.g. Lingle et al., 1993]. We
speculate that the surface of Bagley Ice Valley may have been drawn down so far by the
two closely-spaced surges of 1957 and 1965 that it is still recovering (gaining elevation),
despite the presumably more modest drawdown of the 1993-95 surge.
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At low altitude, the large elevation decreases observed on the Malaspina ablation
areas (Fig. 2.3B) are well correlated with increased temperatures at Yakutat and Cordova
during 1976-2000, relative to 1950-1975 (Fig. 2.4). Increased summer and fall
precipitation (rain, Fig. 2.4) probably also has contributed to increased melting. The
Malaspina Seward lobe surges periodically, most recently in 1987-88, as does Marvine
Glacier [A. Post, per. comm.].

Agassiz Glacier has a pulse-like flow, but surface

lowering caused by increased ablation appears to be the dominant effect.
The dramatic retreat and thinning observed on Tyndall Glacier is mostly due to rapid
tidewater retreat, caused by tidewater instability [Meier and Post, 1987; O’Neel et al.,
2001].

This was interrupted by a major surge in 1964, followed by continued retreat

and thinning [A. Post, per. comm.].
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Table 2.1

Summary of elevation changes from 1972/73 to 2000

Glacier

Average Thinning* Thickening*
(m)

Rate (a)
(m a-1)

(m)

(m)

Bagley I. (b)

-30 ± 9

50 ± 9

Bagley I. (c)

+10 ± 7

40 ± 7

Quintino S.

-100 ±11

230 ± 11

Agassiz

-29 ± 4

100 ± 4

50 ± 4

-1.1 ± 0.1

Seward L.

-49 ± 5

120 ± 5

20 ± 5

-1.8 ± 0.2

Marvine

-58 ± 3

160 ± 3

10 ± 3

-2.1 ± 0.1

Hayden

-39 ± 3

100 ± 3

50 ± 3

-1.4 ± 0.1

Tyndall

-63 ± 5

400 ± 5

20 ± 5

-2.3 ± 0.2

-1.1 ± 0.3
100 ± 7

+0.4 ± 0.2
-3.6 ± 0.4

(*local maxima; a – minus indicates thinning; b – from equilibrium
line altitude, ~ 1360 m, down to ~ 1130 m a.s.l.;
c - above equilibrium line)
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Figure 2.1
Canada.

The Bering and Malaspina Glacier systems, Alaska, USA, and Yukon,

Bagley Ice Valley (formerly Bagley Icefield) was re-named by the US Board

on Geographic Names.

The ice divide is marked by ID.
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Figure 2.3

Surface elevation changes on: (a) Bagley Ice Valley complex including

portions of Jefferies (top center) and lower Quintino Sella Glacier (center right); and (b)
Malaspina Glacier complex including Agassiz (left), Seward lobe (center), Marvine
(right), and Hayden Glacier (far right). The tidewater Tyndall Glacier is at upper left.
Thirty meter contours are shown in high range (white) for clarity.
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Chapter 3
Wastage of the Bering Glacier System from 1972 to 20034

Abstract.

The surge-cycle effect on area-average elevation changes and net mass

balance of the Bering Glacier system from 1972 to 2003 are investigated.

From 1972 to

1995 the main trunk of the system (38% of the total area) had a volume loss of 41.2 ± 4.3
km3, at area-average rate of -0.9 ± 0.1 m/yr.

In the post-surge period during 1995 to

2000 the volume loss was 30.4 ± 0.6 km3 at rate of -3.0 ± 0.1 m/yr.
the volume loss was 6.7 ± 0.4 km3, at a rate of -1.2 ± 0.1 m/yr.

From 2000 to 2003,

From 1972 to 2000, the

head of the Bering Glacier system, Quintino Sella Glacier, had area-average surface
lowering nearly offsetting the area-average rising of Bagley Ice Valley, despite increased
snow accumulation.
km3

From 1972 to 2003 the Bering Glacier system lost -110.7 ± 7.0

over an area of 4073 km2 (80% of the total system area).

The net mass balance

was a strongly negative -0.9 ± 0.1 m/yr due to glacier dynamics and increased coastal
temperatures.

This represents the first detailed estimate of the glacier net mass balance

of the Bering Glacier system using airborne and spaceborne digital elevation models and
small-aircraft laser altimetry combined.

4

Muskett, R.R., C.S. Lingle, A.S. Post, W.V. Tangborn, B.T. Rabus and K.A. Echelmeyer. Wastage of the
Bering Glacier System from 1972 to 2003. Prepared for submission to the Journal of Glaciology.
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3.1

Introduction

With few exceptions, the glaciers of Alaska and north western Canada are thinning
rapidly [Arendt et al., 2002].

European Alpine glaciers have lost 35% of their total area

from 1850 until the 1970s, and from the 1970s to 2000 lost an additional 50% [Paul et al.,
2004; Zemp et al., 2006]. With high rates of mass turnover, the rapidly thinning glaciers
of Alaska and western Canada may have contributed as much as one third of the sea-level
rise from non-polar glaciers during the measurement period, or about 7 to 11% of the
total observed sea-level rise [Arendt et al., 2006].
accelerated relative to ~1950 to 1995.

During ~1995 to 2001 thinning

Many of these changes appear not to be linked to

climate warming in a simple fashion, because of the large numbers of surge-type and
tidewater glaciers in north western North America.
The Bering Glacier system (Fig. 3.1) is one of a group of connected glaciers and
icefields in south-central Alaska and Yukon which constitute the largest glacierized
region in continental North America [Post, 1972; Post and LaChaplle, 2000; Molnia,
2001].

Bering Glacier, which last surged in 1993-95, subsequently increased its rate of

surface lowering [Muskett et al., 2000]. Surface elevations on Bagley Ice Valley, by
contrast, have increased, on average, since 1972 [Muskett et al., 2003a].
The Bering Glacier system also includes two large accumulation-area tributaries
which enter the north side of Bagley Ice Valley: East Jefferies and Quintino Sella
Glaciers.

Other tributaries that are part of the Bering system include Waxell Glacier

(formerly west Bagley Ice Valley), Steller Glacier which forms a lobe of the Bering
piedmont, and a distributary, Tana Glacier, which branches from Bagley Ice Valley and
descends into the Tana River valley [Post, 1972; Molnia, 2001].

The total area estimate

of this glacier system was put at 5800 km2 using vertical aerial photos in 1957, 1963 and
1967 with detailed 1:48000 topographic compilation sheets as base [Post, 1972].
Subsequently the system area has been re-estimated at 5174 km2 [Molnia and Post, 1995;
Molnia, 2001].

Terminal recession between surges can be on the order of 10 to 15 km.

Its length, from the Bering Lobe terminus to the head in Quintino Sella, on the west
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slopes of Mt. Logan, is about 180 km [Post, 1972; Roush et al., 2003]. The difference
in the area estimates of the Bering Glacier system may not be an artifact of technique,
rather the prior estimate was made during the cool-dry period of the North Pacific
Decadal Oscillation, from the mid-1940s to 1976/77, while the latter was made during the
warm-wet period, from 1976/77 to the present [see Hare and Mantua, 2000; Stafford et
al., 2000; Muskett et al., 2003a; Hartmann and Wendler, 2005].
Two independent methods of estimating glacier surface elevation changes are
employed to estimate the area-average elevation changes and their probable relationships
to the surge dynamics of this glacier system.

The first method involves differencing the

U.S. Geological Survey digital elevation models (USGS DEMs) from small-aircraft laser
altimetry (SAA) repeat profiles acquired along the center-line flow bands of Bering
Glacier system and using the glacier flow band area-altitude distribution: the
SAA-to-DEM method.

The second method involves subtracting the earlier USGS

DEMs, corrected for estimated systematic errors, from more recent airborne and
spaceborne interferometric synthetic aperture radar (InSAR) derived DEMs from
Intermap Technologies, Inc., and NASA.
accumulation at their acquisition times.

The latter were corrected for estimated snow
This we refer to as the Difference DEM method.

We present an evaluation of these methods using Bagley Ice Valley as a test area.

The

comparison of the two independent methods yields similar estimates given the spatial
complexity of the Bering Glacier system.

The analysis of volume and elevation change

for 1972 to 1995, 1995 to 2000 and 2000 to 2003 shows an accelerated post-surge
volume loss and area-average elevation lowering along the Bering Glacier-Bagley Ice
Valley main flow band.

Furthermore, surge dynamics led to a depletion of glacier mass

from Quintino Sella and King Trench Glaciers, the head glaciers of the system, to an
extent greater than mass input from climate driven snow accumulation and densification.
However, from 2000 to 2003, the head glacier of the system shows modest recovery from
the 1993-95 surge.
climate warming.

These changes are occurring against the backdrop of affects from
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3.2

Data Sets

3.2.1

Small-Aircraft Laser Altimetry

The SAA glacier profiling system consists of a nadir pointing infrared laser
rangefinder, a gyro to measure orientation, a dual-frequency kinematic Global
Positioning System (GPS) receiver, and computerized data recording and processing to
determine the absolute position of the altimeter system [Echelmeyer et al., 1996].
Post-processing of the data gives the glacier surface elevation at points spaced about 1.5
m along track, Universal Transverse Mercator (UTM) projection system coordinates
relative to the WGS-84 ellipsoid datum.

[The 1995 and 2000 post-processing rendered

elevations in the North American Datum 1983 relative to the GRS-80 ellipsoid.
were subsequently transformed to elevation relative the WGS-84 ellipsoid.]
nominal vertical accuracy of the system is about 0.30 m.

These
The

Profiles acquired in spring

1995 and spring/late summer 2000 and 2003 along the main flow lines of the Bering
Glacier system are used.

Reprocessing of the profiling data [by S. Zirnheld] from 1995

and 2000 identified systematic biases of the GPS derived profile elevations relative to the
WGS-84 ellipsoid.

These are about 0.30 m on average (too high) for the 1995 profiling

sessions and about 0.20 m on average (too low) for the 2000 profiling sessions.

The

biases are due to imprecision in one of the control benchmarks used in previous
post-processing.

Correction of the profile elevations is made by subtraction (1995) or

addition (2000) of the average biases to each profile.

3.2.2

Digital Elevation Models

An Intermap Technologies, Inc. (ITI) airborne survey, 4 to 13 September 2000,
covered Bagley Ice Valley and the western half of Seward Glacier, in Alaska and Canada
(Fig. 3.2).

The Star-3i X-band system has radar characteristics of a 0.031 m wavelength

at 9.57 GHz, HH polarization with a swath width of 6 to 10 km.

The system uses

fuselage mounted dual antennas with onboard kinematic GPS, and GPS-located ground
corner reflectors for position control and post-processing error reduction [Intermap
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Technologies, 2000].

High resolution DEMs were processed with 10 m postings with

root mean square error (RMSE) is 2.5 m, relative to the WGS-84 ellipsoid projected in
the UTM system.

RMSE in the vertical plane relative to the Earth Gravity Model 1996

(EGM-96) geoid is 3 m [see Muskett et al., 2001].
The NASA Shuttle Radar Topography Mission (SRTM), 11-22 Feb. 2000, carried the
first spaceborne single-pass InSAR [Eineder et al., 2001; Rosen et al., 2001].

Lead by

NASA, National Geospatial-Intelligence Agency (NGA) and the Deutsches Zentrum für
Luft- und Raumfahrt (DLR), SRTM was an international effort that included the Italian
Space Agency (ISA) and aerospace corporations.

It yielded single-pass InSAR data in

C- (0.056 m wavelength, 5.3 GHz, dual polarization, 225 km nominal swath width, 30o to
58o look angles) and X- (0.031 m wavelength, 9.6 GHz, VV polarization, 50 km nominal
swath width, 52o nominal look angle) bands between about 60o N and 54o S [Hoffmann
and Walter, 2006; Kiel et al., 2006].

The dual-antenna single pass mission rendered the

SAR data free of mapping errors and water vapor artifacts characteristic of repeat-pass
satellite InSAR techniques [e.g. Joughin et al., 1996; Goldstein, 1995; Zebker et al.,
1997; Hanssen et al., 1999].

These data sets have been processed into global DEMs by

the Jet Propulsion Laboratory [JPL] (C-band) and DLR (X-band).

Subsequent

processing of the C-band data has been performed by NGA and cooperating agencies
[Rodreguez, et al., 2005; Slater et al., 2006].

Subsequent processing of the X-band data

has been performed by ISA [Helm et al., 2002; Hoffmann and Walter, 2006].

The

X-band InSAR DEM produced by DLR that we use is averaged from 7 orbit swaths with
nominal pixel size of 25-by-25 m, relative to WGS-84 ellipsoid in the UTM projection
system (Fig. 3.3).

The nominal vertical accuracy is 6 m relative, 16 m absolute, and the

nominal horizontal accuracy is 15 m relative, 20 m absolute, at the 90% confidence level.
The subset of the C-band InSAR DEM produced by JPL is similar in character to the
DLR DEM, except that the vertical reference is mean sea level using the Earth Gravity
Model 1996 (EGM 96) with horizontal reference WGS-84 in a geographic projection and
a nominal pixel size about 2 by 3 arc seconds (latitude by longitude).

Data voids on

high-slope terrain which have an unfavorable geometry relative to the center angle of the
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C-band antennas are present.

The nominal vertical accuracy of the JPL C-band DEM is

10 m RMSE [Hoffmann and Walter, 2006].
The USGS and Natural Resources Canada (NRCA) DEMs were derived by scanning
the contours of 1:63,360 (15 min.) and 1:50,000 scale topographic maps respectively.
The map contours were derived from aerial photography taken in late summers 1972/73
and 1976 respectively, and produced by cartographic techniques [USGS, 1990; NRCA
1996; S. Westley, NRCA, per. comm. 2003]. The USGS data have 2 arc seconds latitude
by 3 arc seconds longitude elevation postings relative to the North American Datum 1927
(NAD 27) in a geographic projection system. NRCA data have 30-by-30 m elevation
posting relative to NAD 27 in the UTM projection system.

The vertical reference for

both USGS and NRCA elevations is the National Geodetic Vertical Datum 1929 (NGVD
29).

The nominal vertical accuracy of the USGS DEMs is about 15 m and NRCA

DEMs is about 20 m (1/2 map contour interval in each case).

3.2.3

Verification of the ITI DEM

The vertical accuracy of the ITI DEM was verified with a comparison to an SAA
profile near-center flow line acquired August 2000, a few days prior to the ITI
acquisitions (Fig. 3.4).
ellipsoid

horizontal

The SAA-system derived elevations are relative to the WGS-84
datum,

the

WGS-84

ellipsoid

vertical

datum

and

the

GEOID99-Alaska (model of the geoid) vertical datum. [GEOID99 is the geoid model
for the North American Vertical Datum 1988, which incorporates the Geodetic Reference
System 1980 ellipsoid of North American Datum 1983].

Initially, SAA profile

elevations (relative to GEOID99-Alaska) were compared to ITI DEM elevations (relative
to EGM 96).

The mean difference is 5.4 ± 1.0 m (ITI DEM higher), indicating that the

EGM 96 geoid is lower than the GEOID99-Alaska by 5.4 ± 1.0 m, on average, along
Bagley Ice Valley between 1100 and about 1875 m elevation.
Subsequently the ITI DEM center-line elevations were transformed from EGM 96
geoid to the WGS-84 ellipsoid (vertical datum) using a FORTRAN 77 program and
360-by-360 spherical harmonic coefficient file supplied by the NGA (programs
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developed at the Dept. of Geodetic Science, Ohio State University).

The comparison on

a same-datum WGS-84 basis showed a mean difference of -0.77 ± 0.93 m (ITI DEM
lower than SAA).

With the estimate of snow accumulation from 26 August to 13

September 2000 correction applied, the comparison shows a mean difference of -1.3 ±
0.9 m (ITI DEM lower, Fig. 3.4) [Muskett et al., 2001; Muskett et al., 2002].

This

difference is likely an expression of the X-band penetration depth along Bagley Ice
Valley at the time of the ITI airborne survey.
distribution (Fig. 3.4) is notable.

The curious shape in the difference

The SAA profile begins upglacier near the east tip of

Table Mountain (north side of Bagley Ice Valley) and converges with the Bagley
near-center flow line at the mouth of Quintino Sella Glacier.

The in-flow of Quintino

Sella intersects the SAA profile at an acute angle, where the difference distribution shows
a “humped” feature.

This suggests that the “humped” feature of the distribution (Fig.

3.4) is an expression of the degree of snow /firn wetness, perhaps wetter along the portion
flowing from Quintino Sella Glacier and somewhat dryer downglacier and upglacier from
the mouth.

Water has a strong effect on radar penetration depth; greatly reducing

penetration in the wet-snow facies as opposed to the dry-snow facies [see Partington,
1998].

3.2.4

DEM Datum Transformations and Systematic Error Estimates

The USGS and NRCA DEM tiles of the entire Bering Glacier system were mosaicked
then and re-projected into the UTM system, WGS-84 horizontal reference (vertical datum
not affected) for co-registration with the SRTM and ITI DEMs.
re-sampled to 30-by-30 m pixel size.

All DEMs were

The JPL SRTM C-band DEM of the Bering

Glacier piedmont lobes was adjusted from the EGM 96 geoid to the WGS-84 ellipsoid
vertical reference using programs from NGA.

The JPL and DLR DEMs were then

re-referenced to a common mean sea level datum using the National Oceanographic
Atmospheric

Administration

(NOAA)

National

Geodetic

GEOID99-Alaska geoid for comparison to the USGS DEM.
DEMs were again co-registered.

Survey

(NGS)

Finally, the JPL and DLR

36
Since the SRTM occurred in early Feb. of 2000, the JPL and DLR DEM elevations
were adjusted for estimated winter snow accumulation from 1 Sept. 1999 to 22 Feb. 2000
as a function of elevation.

The actual end of the balance year in south-central Alaska is

middle August [Sharp, 1951].

For this adjustment we use published surface snow

densities, which range from about 0.55 g/cm3 to 0.35 g/cm3 [Sharp, 1951, 1958; Alford,
1967] and National Weather Service (NWS) daily precipitation and temperature data
from Cordova and Yakutat (Fig. 3.1), with the Precipitation-Temperature-Area-Altitude
(PTAA) glacier mass balance model of Tangborn [1999] [Muskett et al. (2003a)]5.

The

PTAA model also uses the area-elevation distribution of the Bering Glacier system as
input data.

A similar adjustment for snow accumulation from 1 Sept. to 13 Sept. 2000

was made using the PTAA model (by W. Tangborn) for the ITI DEM.
In early August 2002, ITI made airborne survey of the Malaspina Glacier system in
Alaska and Yukon [Muskett et al., 2003b].

As before, the airborne survey utilized the

Star-3i system with onboard kinematic GPS, GPS-located ground corner reflectors (5)
and differential post-processing.

InSAR DEMs, separate tiles and mosaics, were

delivered, EGM 96 and WGS-84 vertical datum versions, with the same expected 3 m
RMSE characteristics of the ITI DEM covering Bagley Ice Valley.

The ITI Malaspina

DEM was used in a comparison to the SRTM DLR DEM for systematic error on the
low-slope outwash Malaspina foreland.

Analysis of co-registered elevations on

same-datum WGS-84 ellipsoid showed a mean difference of 3.5 ± 0.8 m (SRTM higher)
[Muskett et al., 2003b].

We take this difference as a systematic error of the SRTM DLR

DEM relative to the ITI Malaspina DEM.
Penetration depth of the SRTM C-band radar relative to X-band radar on glacier ice is
estimated on the Bering Lobe.

We estimate the C-band radar penetration below the

X-band penetration depth to be about 1.1 ± 3.6 m on average. Rignot et al. [2001]
investigated the airborne NASA/JPL Topsar C-band (0.056 m wavelength) and L-band
(0.24 m wavelength) penetration depths relative to SAA on Brady and Reid Glaciers
(southeast of Malaspina) and Columbia Glacier (Chugach Mountains, west of Bering
5

note added: see Thesis Appendix 2.
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Glacier).

This provided a testing of radar imaging of the glacier ice facies, sea level to

roughly 800 m elevation and the wet-snow facies, from 800 m to about 1500 m elevation
[see Partington, 1998]. Their investigation found that C-band radar imaging of the
glacier ice and wet-snow facies showed penetration depths on average of 1 to 2 m with a
scatter at the higher-elevations of about 4 ± 3 m depending on local conditions.

On

Mount Wrangell (north of Bering and Malaspina Glaciers), the dry-snow facies occurs at
3400 m elevation on the north side and at 4000 m on the south side [Benson et al., 1996;
Partington, 1998].

Radar penetration depths are highly sensitive to grain-boundary

water content [Li et al., 1999].

Grain-boundary water content as low as 2% can reduce

radar penetration depth by an order of magnitude relative to the dry grain-boundary
condition [Rott and Matzler, 1987; Partington, 1998].

Snow pits on Seward Glacier,

west of Mount Vancouver, at about 1830 m elevation show abundant ice lenses,
indicating the presence of free-water which percolated from the surface and froze at
depth [Sharp, 1951].

Changes in the rate of firn densification can cause variations in

surface elevation changes on the order of ±0.10 to 0.20 m in the dry-snow facies [see
Zwally and Li, 2002]. Over the period of our investigation from 1972 to 2000 we
assume Sorge’s law [see Bader, 1954].
The earlier USGS and NRCA DEMs are the dominant sources of elevation errors.
Systematic height errors result from: (1) inadequate photogrammetric control, causing
vertical control errors, and (2) poor stereographic resolution on the relatively featureless
terrain throughout the glacier accumulation areas with poor photo contrast, which causes
contour mislocation and shape exaggeration, i.e. “contour floating” [see Muskett et al.,
2003a]6.
Systematic vertical control errors of the early-date DEMs are estimated on
“fixed-terrain” along coastal forelands of the Bering and Malaspina piedmont lobes, the
coastal areas of the Robinson Mountains and Icy Bay and ridge crests - south facing
slopes in the St. Elias Mountains.

The geologically young St. Elias Mountains have

been described as over-steepened topography with sections of many of the high mountain
6

note added: see Thesis Appendix 1.
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peaks approaching verticality [Plafker et al., 1994].

Vertical errors estimated from

slopes in the range of 0 to 2 degrees, similar to glacier slopes, are used in adjusting
glacier elevation change estimates for map errors of the USGS DEMs.

This rule was

relaxed for fixed terrain surrounding Quintino Sella and Seward Glacier where 0 to 2
degree slopes are rare.

The USGS DEMs at the Bering piedmont have a vertical error of

6 ± 7 m on average (USGS DEM too low).

Vertical error on the Juniper Island nunatak

was found to be 9 ± 27 m on average (USGS DEM too low).

Mean low-to-moderate

slope vertical errors on the ridges bounding Quintino Sella Glacier in Yukon are 12 ± 14
m on average (NRCA DEM too high).

Vertical errors on the ridges bounding Seward

Glacier are 20 ± 37 m on average (NRCA too high).
Systematic elevation errors caused by “contour floating” were estimated by
comparing USGS DEM contour shapes to corresponding ITI and SRTM DEM contour
shapes [Muskett et al., 2003a]7.

We assume corresponding contours should have the

same shape (not absolute elevations) in 1972/73, 76 and in 2000.

This assumption was

tested on Tyndall Glacier where massive thinning and tidewater retreat have occurred
since about 1964.

The USGS contours showed little exaggeration (0 ± 2 m) although

some upglacier shift was evident due to thinning.

Bagley Ice Valley (accumulation area)

has a mean exaggeration upglacier of the USGS contours relative to the ITI contours
suggesting that the1972/73 surface was mapped 4 ± 3 m too low.

Quintino Sella Glacier

in Yukon had a similar mean exaggeration of the NRCA contours relative to the ITI
contours.

Seward Glacier in Yukon had a mean exaggeration of the NRCA contours

relative to ITI contours of 22 ± 5 m too low.

3.3

Results

In this section we present estimates of glacier volume, area-average elevation and rate
changes using the Difference DEM and SAA-to-DEM methods.

Estimates using the

Difference DEM method are presented first in section 3.3.1. The ITI DEM covers all of
7

note added; see Thesis Appendix 1.
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Bagley Ice Valley, Columbus Glacier, Quintino Sella and King Trench Glaciers.

The

estimated area-average elevation change rate for instance is calculated from the Volumechange / Area / Time-interval [see Meier, 1962; Paterson, 2001].

Table 3.1 summarizes

the results of the Difference DEM method and Table 3.2 summarizes the results of the
SAA-to-DEM method.

3.3.1

Difference DEM Estimates of Area-average Elevation Change on Bagley Ice

Valley, Columbus and Quintino Sella Glaciers
The DEMs used in this analysis are the USGS DEM (mosaic, 1972/73), NRCA DEM
(mosaic, 1976), the NASA SRTM C-band DEM (JPL, Feb. 2000 adjusted to 1 Sept.
1999), the NASA X-band DEM (DLR, Feb. 2000 adjusted to 1 Sept. 1999) and the ITI
DEM (4-13 Sept. 2000 adjusted to 1 Sept. 2000).

The ITI DEM covers all of Bagley Ice

Valley, Quintino Sella and King Trench Glaciers and parts of East Jefferies and half of
Seward Glacier.

The NASA DEMs cover the Bering and Steller Lobes, and the Folded

Central Medial Moraine separating them.
covered.

A lower-middle part of Bering Glacier is not

In order to estimate the area-average elevation change on as much of the

Bering Glacier system as possible, we use an August SAA profile with the USGS DEM in
the SAA-to-DEM method to “fill the gap.” For reference in the flow of discussion
regarding the volume and elevation changes, we employ Figure 3.5 showing numbered
parts of the system which are keyed to the summary of results in Table 3.1.
Elevation changes Bagley Ice Valley, East Jefferies, Columbus, Seward, Quintino
Sella Glacier and King Trench Glaciers are derived by subtracting the USGS and NRCA
DEMs from the ITI DEM.

The difference DEMs are corrected for estimated systematic

errors in the USGS and NRCA DEMs and early-to-mid September snow accumulation in
the case of the ITI DEM (Fig. 3.6).

The elevation changes are from 1972 to 2000 in

Alaska and from 1976 to 2000 in Yukon.
Figure 3.6A shows the difference DEM, USGS/NRCA DEM subtracted from the ITI
DEM, of Bagley Ice Valley, Columbus Glacier, East Jefferies Glacier, and Quintino Sella
Glacier (Alaska portion).

The elevation changes show a high degree of spatial
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non-uniformity.

Three large prominent centers of surface elevation increase on Bagley

Ice Valley and Columbus Glacier are evident.
± 6 m, and 120 ± 6 m, respectively.

These are on the order of 60 ± 6 m and 90

Two other centers of surface elevation increase,

though smaller in magnitude, are noted; one on East Jefferies Glacier above its entrance
to Bagley Ice Valley, and part of lower Quintino Sella Glacier at the ice divide with East
Jefferies.

The portion of Bagley Ice Valley below the long-term equilibrium-line

elevation in Figure 3.5 region 1 and in Figure 3.6 (green tones on the left) shows a
volume loss of 4.7 ± 1.5 km3.
rate of -1.0 ± 0.3 m/yr.

The area-average elevation decrease is -28.3 ± 9.0 m, at

Above the equilibrium-line elevation to the mouth of Quintino

Sella Glacier in Figure 3.5 region 2 and Figure 3.6 (yellow to red to white tones) Bagley
Ice Valley shows a volume increase of 7.4 ± 3.4 km3.
increase is 12.9 ± 6.0 m, at rate of about 0.5 ± 0.2 m/yr.

The area-average elevation
Above the mouth of Quintino

Sella Glacier in Alaska, the Columbus Glacier section of Bagley Ice Valley to the Alaska
border, Figure 3.5 region 3 and Figure 3.6 red to white tones (30 m contours plotted)
shows a volume increase of 6.3 ± 1.1 km3.
± 6.0 m, at a rate of 1.2 ± 0.2 m/yr.

The area-average elevation increase is 33.6

Across the U.S. / Canada border, a 3-year lapse

interval between the USGS and NRCA DEMs, Figure 3.5 region 4 and the left-most
portion of the Columbus / Seward Glacier ice divide in Yukon of Figure 3.6C, shows a
volume loss of 1.6 ± 0.7 km3.
rate of -0.4 ± 0.2 m/yr.

The area-average elevation change is -10.2 ± 6.0 m, at a

Summing the volume changes and areas of regions 1 though 4

gives a total volume increase of 7.4 ± 3.9 km3. The area-average elevation increase is
6.8 ± 3.6 m, at a rate of 0.2 ± 0.1 m/yr.
Figure 3.6B shows the difference DEM, NRCA DEM subtracted from the USGS
DEM, of Quintino Sella Glacier, King Trench Glacier and tributaries in Yukon on the
west flank of Mount Logan.

The elevation changes shown are from 1976 to 2000, three

years after the elevation changes on the Alaska side.

The magnitude and polarity of

surface elevation changes across the international border almost match.

Combining the

Alaska and Yukon parts of Quintino Sella, King Trench and other tributary glaciers,
Figure 3.4 region 5, we estimate the volume loss to be 12.0 ± 1.3 km3.

The area-average
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elevation change is -46.7 ± 5.0 m, at rate of -1.9 ± 0.2 m/y.
Part of East Jefferies Glacier is shown in region 6, Fig. 3.5, and in the difference
DEM, Fig. 3.6.

Local elevation change is on the order of 50 ± 7 m to -50 ± 7 m.

Elevation decreases occur as the flow of East Jefferies enters Bagley Ice Valley from the
north.

Volume loss is 2.5 ± 1.7 km3.

Area-average elevation change is -10.3 ± 7.0 m,

at a rate of -0.4 ± 0.2 m/yr.
Summing the volume change and areas, regions 1 though 6 in Figure 3.5 and in Table
3.1, this part of the Bering Glacier system shows a volume loss of 7.1 ± 4.5 km3.
area-average elevation change is -4.5 ± 2.8 m, at a rate of -0.2 ± 0.1 m/yr.

The

The area

2

covered is 1586 km , about 31 % of the estimated total area of the Bering Glacier system
[Post, 1972; Molnia, 2001].

3.3.2

Estimate of Area-Average Elevation Change on Bering Glacier, North of

Grindle Hills to the West Edge of the ITI DEM Using the SAA-to-DEM Method
In order to bridge the coverage of the InSAR DEMs I use the SAA-to-DEM method
for the portion of Bering Glacier from above the north-limit of the SRTM JPL C-band
DEM, about 10 km north of Grindle Hills nunatak to the west edge of the ITI DEM,
about

5 km west of Juniper Island nunatak.

This is region 7 in Figure 3.5.

The SAA

profile is adjusted to a mean sea-level datum using NOAA NGS GEOID99-Alaska.

The

estimate of volume change uses the area-elevation 30-meter bin distribution of the main
trunk of Bering Glacier, derived from the USGS DEM and the SAA near-center line
profile from August 2000.

The area of this portion of the main trunk is about 613 km2.

Maximum elevation change is on the order of about -68 ± 5 m.

Being well below the

long-term equilibrium-line elevation on Bagley Ice Valley, elevation change is
progressively more negative down glacier.

The volume loss is 25.6 ± 3.1 km3.

area-average elevation change is -42.4 ± 5.0 m, at a rate of -1.5 ± 0.4 m/yr.

The
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3.3.3

Estimates of Area-Average Elevation Change on Bering Piedmont from

1972 to 1999 Using the Difference DEM Method
The Bering Glacier piedmont is composed of two lobes of relatively clean ice, the
Bering and Steller Lobes, separated by the Central Medial Moraine Band of debris
covered glacier ice.
by Post [1972].

The origin of the spectacular folded medial moraines was deduced

Steller Lobe, the piedmont of the Steller Glacier, does not surge but

rather pulses (flow dynamics between normal and surge flow) at abbreviated intervals
[Post, 1972; Molnia and Post, 1995].

The Bering Lobe is the receiving area of surges of

the Bering Glacier system [Post, 1972].
proglacial freshwater Vitus Lake.

The Bering Lobe also calves icebergs into the

The size of Vitus Lake fluctuates with the

quasi-periodic surge cycle of the Bering system.
between surges is not linear.
km to about 5.4 km.

Recession of the calving terminus

Recession distances measured here range from about 2.0

By comparison, the calving terminus had recessed up to 11 km

from the 1967 position to the 1993 position [see Fig. 15 in Molnia and Post, 1995].
Figure 3.7 shows the difference DEMs of elevation changes on the Bering Lobe,
Central Medial Moraine Band and the Steller Lobe. These are derived by subtracting
the corrected USGS DEM (1972/73) from the SRTM DLR DEM (Fig. 3.7A) corrected
for estimated winter snow accumulation and the JPL DEM (Fig. 3.7B) corrected for
estimated winter snow accumulation and estimated C-band penetration depth.

The lobe

area covered by the USGS to DLR difference DEM is about 424 km2.

Spatially

non-uniform elevation changes are observed over each lobe.

Maximum elevation

decrease of the Bering Lobe (Fig. 3.7A right of outline) is on the order of about 160 ± 4
m. No surface elevation increases are observed.

By comparison the SAA-to-DEM

derived elevation changes from 1972/73 to 2000 shows a maximum decrease near the
terminus of about 122 ± 5 m.

This difference in estimates is that the location of the

SAA profile does not cross the maximum elevation decrease location on the difference
DEM.

Bering Lobe as covered by the NASA C-band DEM shows a volume loss of

about 43.0 ± 1.9 km3.
-3.3 ± 0.1 m/yr.

The area-average elevation change is -88.1 ± 4.0 m, at a rate of
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Elevation changes, with mean adjustments, on the Central Medial Moraine Band (Fig.
3.7A outline left of Bering Lobe) cover an area of 282 km2 in the SRTM DLR difference
DEM.

This moraine band is composed of tightly folded, debris covered ice.

A USGS

commissioned X-band Side-Looking Airborne Radar acquisition over the Bering
piedmont, 3 August 1990, showed that the central folded moraine band to be composed of
up to 25 folded medial moraine bands from early- and pre-20th century surges [Molnia
and Post, 1995].

Thick debris cover on glacier ice is known to significantly reduce

melting during the ablation season [Paterson, 2001].

Comparative measurements show

that area-averaged elevation decreases of the debris covered ice ranges from about 0.5 to
0.75 that of clean glacier ice [Pelto, 2000]. Maximum surface elevation decrease is
observed to be on the order of 160 ± 4 m with maximum elevation increase on the order
of 60 ± 4 m, from 1972/73 to 2000.

The volume loss is 14.0 ± 1.0 km3.

area-average elevation change is -49.6 ± 4.0 m, at a rate of -1.5 ± 0.1 m/yr.

The

This is half

of the area-average rate of the Bering Lobe.
Difference DEM elevation change on Steller Lobe (Fig. 3.7B above outline of Central
Medial Moraine Band) is derived by subtracting the USGS DEM, corrected for
systematic errors, from the SRTM JPL DEM, corrected for estimated winter snow depth
and estimated C-band penetration depth.
is about 192 km2.

The lobe area covered by the difference DEM

The SRTM JPL DEM is used due to having a more northerly extent,

from a wider swath, than the SRTM DLR DEM.
decrease observed is on the order of 100 ± 5 m.
of 11.0 ± 1.0 km3.
± 0.2 m/yr.

The maximum surface elevation

The Steller Lobe shows a volume loss

The area-average elevation change is -57.3 ± 5.0 m, at a rate of -2.0

This is approximately 60% of the area-average rate of the Bering Lobe.

Steller Glacier is a pulsing glacier.
and steady flow glaciers.

Its dynamics are intermediate to those of surge-type

This might suggest that frequent pulsing would lead to an

excessive mass loss of a glacier, even more than that of a glacier that surges on a 20- to
30-year interval.

The results indicate this is not to be the case.
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3.3.4

Estimates of Area-Average Elevation Changes on the Bering Glacier System

by Small-Aircraft Altimetry-to-DEM Method, 1972 to 2003
The small-aircraft altimeter system was flown over parts of the Bering Glacier system
in the springs of 1995, 2000 and 2003 and the late summers of 2000 and 2003.

SAA is

adjusted to a mean sea-level datum using NOAA NGS GEOID99-Alaska for comparison
to the USGS / NRCA DEM.

Long-term estimates of the area-average elevation and

volume changes were accomplished with the USGS DEM (1972/73) and the ITI DEM
(2000).

Crossing-point profile-to-profile same-season comparisons with a common

area-elevation distribution derived from the USGS DEM allow for post-surge short-term
estimates of area-average elevation and volume changes from 1995 to 2000 and from
2000 to 2003.

The results are summarized in Table 3.2, referenced to Figure 3.8 for

profile location.

The elevation changes along profiles are shown in Figures 3.9 and 3.10

with dashed red- or green-lines to indicate area-average decrease and increase,
respectively.

Small arrows associated with profiles in Figure 3.8 indicate the direction

of the nominal profile distance shown in Figures 3.9 and 3.10.

Two profiles covering

parts of Quintino Sella and King Trench Glaciers are combined to estimate volume,
area-average elevation and rate changes shown in Table 3.2.
Figure 3.8 is a terrain corrected European Space Agency Earth Resources Satellite 1/2
C-band SAR mosaic of the Bering and Malaspina Glacier systems.
acquired in the spring of 1995, ascending and descending modes.
Bay, below Bagley Ice Valley are also visible.
scaled into an 8-bit range.

The data were

The glaciers of Icy

The σ0 backscatter is calibrated and

A Gaussian filter was applied to enhance contrast.

The

color scheme corresponds well to the C-band SAR glacier facies; dark orange represents
the glacier ice facies and tones of green and blue correspond to the wet snow-firn facies
[see Li et al., 1999].

The folded medial moraines of the Bering and Malaspina

piedmonts have brighter-orange to yellow tones.

Though not too severe, some

mis-calibration (σ0) backscatter artifacts are apparent in the bark-blue to blue tones on
Guyot and Yathse Glacier at Ice Bay for example.

In general, there is apparent

abundance of the glacier ice and wet snow-firn facies.

The ERS-1/2 SAR mosaic is
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used in the delineation of glacier areas.
Spatial non-uniformity of elevation change in the profiles as shown in Figure 3.9 is
apparent.

Figure 3.9A shows differences on Bering Glacier and Bagley Ice Valley.

The blue line, 1972 to June 1995, represents a volume loss of 41.3 ± 4.3 km3.
area-average elevation change is -21.0 ± 2.2 m at a rate of -0.9 ± 0.1 m/yr.
1972 to June 2000, represents a volume loss of 71.6 ± 4.3 km3.
elevation change is -36.6 ± 2.2 m at a rate of -1.3 ± 0.2 m/yr.
August 2003, represents a volume loss of 37.1 ± 4.0 km3.

The

The red line,

The area-average

The orange line, 1972 to

The area-average elevation

change is -20.3 ± 2.2 m at a rate of -0.7 ± 0.1 m/yr.
Figure 3.9B and C show the same-season difference-profile elevation changes on
Bering Glacier and Bagley Ice Valley.

Figure 3.9B is the spring 1995 to 2000 elevation

changes and Figure 3.9C is the late summer 2000 to 2003 elevation changes.

In Figure

3.9B, the 5-year interval from springs 2000 to 2003, elevation decrease is down to 70 ± 3
m on Bering Glacier.

In the same interval, elevation increase is up to 10 ± 3 m on

Bagley Ice Valley.

The section of Bagley Ice Valley below the long-term

equilibrium-line elevation shows elevation decrease on the order of 25 ± 3 m in the
5-year interval from 1995 to 2000.

In 3-year interval from 2000 to 2003 (Figure 3.9C),

this section of Bagley Ice Valley shows elevation increase on the order of 10 ± 3 m.
This reversal in elevation change is part of the quiescent-phase changes as the Bering
Glacier system builds toward the next surge [see Raymond, 1987].

Bering Glacier and
3

Bagley Ice Valley have a combined volume loss of 30.4 ± 4.3 km from 1995 to 2000.
In this 5-year interval the area-average elevation change is -15.2 ± 4.7 m (dashed red-line
in Figure 3.9B) at a rate of -3.0 ± 0.7 m/yr; a factor of three increase from the previous
23-year interval from 1972 to 1995.
In Figure 3.9C, the 3-year interval from 2000 to 2003, elevation decrease is down to
25.0 ± 1.1 m on Bering Glacier; a moderation of surface lowering.

Elevation increase is

up to 10.0 ± 0.7 m in the same post-surge interval on Bagley Ice Valley.
and Bagley Ice Valley have a combined volume loss of 7.1 ± 1.3 km3.

Bering Glacier
The area-average

elevation change is -4.5 ± 1.3 m (dashed red-line in Figure 3.9C) at a rate of -1.5 ± 0.4
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m/yr; a moderation by a factor of two from the previous 5-year interval from 1995 to
2000.
Figure 3.9D shows elevation changes along profiles C and D on West Bagley Ice
Valley, from 0 to 35 km distance, and on Steller Glacier, from 35 to 105 km distance.
The elevation changes are from 1972 to 2003, a 31-year interval.

Elevation increase is

of 50.0 ± 4.3 m on West Bagley Ice Valley and elevation decrease of 109.0 ± 2.4 m on
Steller Glacier.

The ice divide separating West Bagley Ice Valley from Steller Glacier

shows an elevation decrease of 40.0 ± 2.4 m.
Valley is 2.6 ± 0.8 km3.

The area-average elevation change is 13.2 ± 4.3 m (dash

green-line) at a rate of 0.4 ± 0.1 m/yr.
km3.

The volume gain of West Bagley Ice

The volume loss of Steller Glacier is 14.0 ± 0.9

The area-average elevation change is -35.1 ± 2.4 m (dashed red-line) at a rate of

-1.1 ± 0.1 m/yr.
Figure 3.9E shows elevation changes along profile E on Tana Glacier, flowing
northwest from the Bering Glacier-Bagley Ice Valley saddle.
31.0 ± 5.0 m.

Elevation decrease is of

Volume loss of Tana Glacier is 2.7 ± 0.3 km3.

The area-average

elevation change is -20.7 + 5.0 m (dashed red-line) at a rate of -0.7 ± 0.2 m/yr.
Figure 3.9F shows elevation changes along profiles F and G on East and West
Jefferies Glacier.

The ice divide occurs at about the 35 km mark.

Elevation change is

positive on East Jefferies and negative on West Jefferies on average.

The local elevation

change “low” on East Jefferies, centered at about 17 km occurs where the main flow band
turns south to enter Bagley Ice Valley.

The main flow of West Jefferies is to the west

and converges with the flow of the ablation area of Tana Glacier.
East Jefferies is 60.0 ± 4.2 m.

Elevation increase on

Volume increase of East Jefferies is 4.0 ± 0.6 km3.

Volume loss of West Jefferies is -3.9 ± 0.4 km3. Elevation decrease is 50.0 ± 3.5 on
West Jefferies.

The area-average elevation change on East Jefferies is 27.9 ± 4.2 m

(dashed green-line) at a rate of 0.9 + 0.1 m/yr.

The area-average elevation change on

West Jefferies is -32.9 ± 3.5 m (dashed red-line) at a rate of -1.1 ± 0.1 m/yr.
Figure 3.9G shows elevation changes on the lower Quintino Sella in Alaska as it
enters Bagley Ice Valley from the north at the beginning of profile Hl, to an ice divide
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with East Jefferies at the end of profile Hl.

Elevation decrease on this part of Quintino

Sella is 170.0 ± 2.7 m. As flow enters Bagley Ice Valley elevation increase is 70.0 ± 2.7
m.

Elevation increase is 60.0 ± 2.7 m at the ice divide with East Jefferies Glacier.

Volume loss is 0.7 ± 0.5 km3 on lower Quintino Sella Glacier.

Area-average elevation

change is -2.9 ± 2.7 m (dashed red-line) at a rate of -0.1 ± 0.1 m/yr.
Figure 3.9H shows elevation changes along profile Hu including upper Quintino Sella
and King Trench Glaciers in Yukon, Canada on the west flank of Mount Logan.
Elevation decrease in down to 150.0 ± 2.7 m in the lower Quintino Sella and becomes
near zero at the mouth of King Trench Glacier.

The highest elevation of King Trench

sampled shows elevation decrease is 40.0 ± 2.7 m. Volume loss is 6.2 ± 0.5 km3.
Area-average elevation change is -52.4 ± 2.7 m (dashed red-line) at a rate of -1.7 ± 0.1
m/yr.

In Table 3.2, the profiles covering all of Quintino Sella and King Trench Glaciers

are combined giving a volume loss of 11.2 ± 0.6 km3, area-average elevation change of
-48.1 ± 2.6 m at a rate of -1.5 ± 0.1 m/yr.
The August 2003 small-aircraft altimetry profiles on Bagley Ice Valley, Quintino
Sella and King Trench Glaciers is compared with the ITI DEM to estimate elevation
changes from late summer 2000 to 2003, Figure 3.10. The vertical reference of the
elevation data is the WGS-84 ellipsoid datum.

Elevation increase is 16.0 ± 0.7 m occurs

on Bagley Ice Valley profile B, below the long-term equilibrium-line elevation. Near
the mouth of Quintino Sella Glacier elevation increase is 2.0 ± 0.7 m.
3

is 4.1 ± 0.4 km .

Volume increase

Area-average elevation change is 7.4 ± 0.7 m (dashed green- line) at a

rate of 2.5 ± 0.2 m/yr, Figure 3.10A.

Combining part of profile Hl on Bagley Ice Valley

gives a volume increase of 4.4 ± 0.4 km3, area-average elevation increase of 6.9 ± 0.7 m
at a rate of 2.3 ± 0.2 m/yr, Table 3.2.
Figure 3.10B shows elevation change on lower Quintino Sella Glacier profile Hl, in
the 3-year interval from 2000 to 2003.

Elevation increase is 9.5 ± 0.5 m. Near the 20

km mark in profile Hl both increase and decrease elevation changes occur.

This is

coincident with a region of crevasse and surface deposits of clean water and debris laden
water (Advanced Spaceborne Thermal Emission and Reflectance Radiometer [ASTER],
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September 2004), to be discussed in section 3.4.2. Volume increase is 0.8 ± 0.1 km3.
Area-average elevation increase is 3.6 ± 0.5 m (dashed green-line, Figure 3.10B) at a rate
of 1.2 ± 0.2 m/yr.
Figure 3.10C shows elevation changes along profile Hu on Quintino Sella and King
Trench Glaciers in the 3-year interval from 2000 to 2003.
positive offsetting the negative changes.

Elevation changes are mostly

Volume increase is 0.1 ± 0.1 km3.

Area-average elevation increase is 1.1 ± 0.5 m (dashed green-line) at a rate of 0.4 ± 0.2
m/yr.

Both profiles Hl and Hu with their areas were combined to estimate volume and

area- average changes on lower and upper Quintino Sella and King Trench Glaciers.
Volume increase is 0.4 ± 0.1 km3 with area-average elevation increase of 1.6 ± 0.5 m at a
rate of 0.5 ± 0.1 m/yr, Table 3.2.

3.4

Discussion

3.4.1

Evaluation of Difference DEM and SAA-to-DEM Methods in Area-Average

Change Estimates
The two methods for estimating glacier volume change per unit area, the Difference
DEM and SAA-to-DEM method, were compared using the main flow band of Bagley Ice
Valley from near the long-term equilibrium-line elevation to the mouth of Quintino Sella.
The Difference DEM method yields an estimate of the area-average elevation rate of
about 0.5 ± 0.2 m/yr.

In the same period and area the SAA-to-DEM method yields an

area-average elevation rate of 0.7 ± 0.2 m/yr.
The higher estimate of the two, the SAA-to-DEM estimate is due to an artificiality of
the method.

Consider the tongue of East Jefferies Glacier, Fig. 3.6A.

With respect to

the lateral extent of the area-elevation band, about half of it has decreased elevations
(East Jefferies Glacier tongue) and about half of it has increased elevations (Bagley Ice
Valley).

The altimeter profile measured the large elevation increase, but not the large

lateral decrease.

When the increased elevation was applied throughout the

area-elevation band, it effectively made the East Jefferies entering Bagley Ice Valley have
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increased elevations, which it does not.

Thus the SAA-to-DEM method forces

uniformity of elevation change in the lateral extent.

The forcing of lateral uniformity

indicates that the SAA-to-DEM method has the potential to over or under estimate
volume change per unit area.

Likely, for a glacier without large lateral tributaries, that

can have longitudinal and transverse strain rates which complicate flow dynamics, the
SAA-to-DEM method can yield reasonable volume change per unit area estimates.

On

glaciers with large tributaries such as Bagley Ice Valley or piedmont glaciers with
diachronic surge-flow directions such as the Seward lobe of the Malaspina Glacier, the
Difference DEM method is preferred since elevation change is measured point-to-point
over the glacier area.
The SAA-to-DEM method yields an estimate of the flow band of Bering Glacier and
Bagley Ice Valley (Columbus Glacier, Quintino Sella and other tributaries not included)
area-average rate from 1972/73 to 2000 of about -1.2 ± 0.2 m/yr, a total volume loss of
33.6 ± 4.6 km3 water equivalent.

Combining the SAA-to-DEM method (Bering Glacier

from 10 km north of Grindle Hills to west edge of the ITI DEM) and Difference DEM
method (Bering Lobe, Steller Lobe, Folded Central Moraine Band, Bagley Ice Valley,
East Jefferies, Columbus, Quintino Sella Glacier, ice divide with Seward Glacier and
lateral tributaries) yields an estimate of the Bering Glacier system volume loss is 110.7 ±
7.0 km3, at an area-average rate of -0.9 ± 0.1 m/yr over an area of 4073 km2.

The area

covered is 80% of the Bering Glacier system [see Post, 1972; Molina, 2001].

If

however, the middle part of the Bering Glacier, region 7 in Table 3.1, is not included,
then the Difference DEM method yields a volume loss of 75.1 ± 5.6 km3, at an
area-average rate of -1.0 ± 0.1 m/y over an area of 2548 km2 (50% of the total glacier
system area).

In comparison, the SAA-to-DEM method estimate of the Bering Glacier

system from 1972 to 2003, which includes flow bands of glacier areas not covered by the
Difference DEM method without inclusion of lateral tributaries, shows a volume loss of
62.3 ± 7.0 km3, an area-average rate of -0.7 ± 0.1 m/yr in an area of 3046.2 km2 (59% of
the total glacier system area).

The differences seen in the volume change estimates are

due to different areas of the glacier system covered.

Lateral non-uniform elevation
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changes from tributary glaciers (Jefferies and Quintino Sella) and unconfined flow on the
Bering Lobe contribute to the difference in the volume change estimates.

3.4.2

The Effect of Surge Dynamics on Volume Loss of the Bering Glacier System

The surge cycle of the Bering Glacier system is a quasi-periodic interval between
major surge phases on the order of 20 to 30 years [Post, 1969; Post, 1972].

The

surge-phase length may be up to 4-years as in the 1957 to 1960 surge or as short as one
summer season as in 1981 [Molnia and Post, 1995].

The interval between major

surging, the quiescent phase, can be interrupted by minor surges such as in 1965/67 and
1981.
From 1972 to 1995 the Bering Glacier system main trunk shows a volume loss of
41.2 ± 4.3 km3 at an area-average rate of -0.9 ± 0.1 m/yr.

In the post-surge 5-year

interval from 1995 to 2000, the volume loss increased by a factor of three to 30.4 ± 0.6
km3 at an area-average rate of -3.0 ± 0.1 m/yr.

In the 3-year interval from 2000 to 2003,

the volume loss of the main trunk (Bering Glacier and Bagley Ice Valley) moderated to
7.1 ± 1.2 km3 at an area-average rate of -1.4 ± 0.2 m/yr.
Summer temperatures increased over the interval from 1975 to 2000 relative to the
interval from 1950 to 1975 [Muskett et al., 2003a].

However, over the 1975 to 2000

interval, with addition of 2000 to 2003, summer temperatures show a flat trend [National
Weather Service Yakutat records].

Summer temperatures in 2002 and 2004 were higher

than average and promoted increased melting.

The long-term trend of high-elevation

snow accumulation as recorded at the Mount Logan, King Col site ice core increased
from 1976 to 2000 [Moore et al., 2002].

The heavy crevassed surface of the Bering

Glacier following the 1993-95 surge is in part responsible for the increase in volume loss
from 1995 to 2000.

Heavy crevassing likely promoted an acceleration of summer

melting below the long-term equilibrium-line due to the exposure of fresh glacier ice.
By 2000, the surface of the Bering Glacier had recovered from the heavy crevassed state.
Thus from 2000 to 2003 the moderation in volume loss of the main trunk is in part a
post-surge effect and possibly interannual variability superimposed.
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After the 1965-67 surge, the terminus of the Bering Lobe began a rapid retreat by
high rates of calving [Molnia and Post, 1995]. Two large embayments opened on the
west-side of Vitus Lake.

The most noticeable, Tashalich Arm, formed in the tightly

folded debris-covered east side of the Central Medial Moraine Band (Fig. 3.11).

In the

summers preceding the 1993-95 surge, high calving at the Tashalich Arm caused a 10 km
retreat of the terminus upglacier opening a deep fiord about 2.5 to 5 km across by July
1993.

Along a 10 to 15 km region upglacier from the rapidly calving terminus, dense

extensional crevasses opened.

This caused surface elevations to decrease as surface

velocity and slope increased.

In the summer of 1992 A. Post observed a “mini” surge

commence within the debris covered ice near the calving terminus north of the Tashalich
Arm.

This surge propagated north, crossed the Central Medial Moraine Band and into

the clean ice of the Steller Lobe, before ending. After this unusual mini-surge, the
1993-95 surge of the main trunk of the Bering Glacier began and by the summer of 1994
the volume of the Tashalich Arm was re-occupied by glacier ice.

Yet in the difference

DEMs of the Bering piedmont (Fig. 3.7), there is a lingering negative elevation change
on that portion of glacier ice which filled in the Tashalich Arm.
When the surge of the main trunk began between May and June of 1993 a mass
excess moved downglacier from the surge reservoir area in the Bering Glacier, below
Khitrov Hills [Lingle et al., 1993; Fleisher et al., 1995; Muller and Fleisher, 1995].

By

the summer of 1994 heavy crevassing, lowered surface elevations and increased velocity
occurred with upglacier transmission of stress into Bagley Ice Valley (Fig. 3.12).

These

were signs that increased through-put of glacier mass would follow [Fleisher et al., 1995;
Herzfeld and Meyer, 1997].

In late August 1994 an outburst flood occurred [Molnia,

1994; Fleisher et al., 1995].

For other surge glaciers this would have signaled the end

of the surge.

For the Bering Glacier system, this would not be the case.

Observations

in August 1995 of new extensional crevasse fields on Bagley Ice Valley above the mouth
of East Jefferies Glacier to as far upglacier as Columbus Glacier indicated that the surge
had renewed.

Subsequently, increased through-put from further upglacier was

hypothesized [Herzfeld and Mayer, 1997].

Furthermore, the hypothesized increased
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through-put would produce a deficit of mass in neighboring high-elevation regions, i.e.
Quintino Sella Glacier.

Increased through-put then affected Quintino Sella, by lowering

its elevations as mass was transferred into Bagley Ice Valley, whose elevations rose in
response (Figs. 3.6, 3.9 and 3.10).

The increased through-put affected the ice divide

with Seward Glacier and possibly its western half, whose surface elevations lowered and
those of Columbus Glacier rose in response from the input of glacier mass.

The result is

that Bagley Ice Valley shows non-uniform positive elevation change by having gained
mass from Quintino Sella Glacier, the source region of Bering Glacier system.

Quintino

Sella shows a strong negative elevation change from the mass deficit by increased
through-put from changes of the longitudinal stress and strain rates brought about by the
1993-95 surge.

Previous surges affected Quintino Sella Glacier as well.

Figure 3.13

illustrates elevation profiles from a USGS 1957 map [A. Post], the USGS 1972 map and
the ITI DEM 2000 along Bagley Ice Valley and Quintino Sella Glacier center flow line.
The August 2003 SAA profile Hl crosses the mouth of Quintino Sella Glacier as it
enters Bagley Ice Valley (Fig. 3.10B).

The middle part of the profile shows large

positive and negative elevation changes.

Figure 3.14 is an August 2004 NASA ASTER

image of the lower Quintino Sella Glacier in Alaska, U.S.A. and Yukon, Canada.

Panel

B, an enlargement, shows a crevasse region near the Quintino Sella Glacier mouth.

This

region is crossed by the SAA profile Hl at about 2000 m elevation.

Panel C shows an

enlargement of a region of crevasse on Quintino Sella Glacier at about 2500 m elevation.
In close proximity below the crevasse regions are large pools of debris-laden water,
followed by clean water pools.

Within the image there is no evidence of a recent rock

fall from the bounding ridges.

A NASA Terra-MODIS image from September 9, 2004,

shows the late summer firn-line at about 1600 m elevation on Bagley Ice Valley and near
Mt. Irvine nunatak, also about 1600 m elevation, on upper Seward Glacier.

The lower

crevasse region crossed by the SAA profile in 2003 and the ASTER image in 2004 argues
that it is a long lived region connected to a bed-slope undulation such as an ice fall.
However the spatial relationship of the clean water pools followed upglacier by
debris-laden pools and then crevasse suggest dynamic activity consistent with rapid
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motion events capable of generating impulse pressures above the overburden pressure
[see Kavanaugh and Clarke, 2000; Roberts, 2005].

That is, the clean water pools are of

an englacial hydrologic system origin and the debris-laden water pools have a basal
hydrologic system origin.

Altogether, the evidence presented indicates that Quintino

Sella Glacier is capable of dynamics consistent with a surging glacier.
Since about 1976/77 coastal winter mean temperatures were above freezing and late
summer and winter precipitation (rainfall) has increased [see Muskett et al., 2003a].
High-elevation snow accumulation as observed from the Mount Logan ice core has
increased since about 1850 [Moore et al., 2002].

Since 1976/77 the rate of increased

accumulation is 0.12 m per decade (99% significant).

The climate period from 1976/77

to present is the positive phase, a warm-wet interval in the North Pacific Decadal
Oscillation; the preceding climate period from roughly the mid-1940s to 1976/77 was the
negative phase, a cool-dry interval [see Hare and Mantua, 2000; Stafford et al., 2000;
Hartman and Wendler, 2005].

Snow pit excavations on upper Seward Glacier, Canada,

in 1948/49 showed that firn bulk density reached ice density at 15 m depth [Sharp, 1951].
Dating of annual dirty layers in the snow pits and those exposed in crevasse walls suggest
that firn is transformed into ice in 3 to 5 years [Paterson, 2001].

The period of

increased precipitation in the form of high-elevation snow accumulation should have
affected the accumulation areas of the Bering Glacier system by lessening the negativity
of the net balance of the system under climate warming, if dynamics were not a factor.
While the area-average elevation changes of Bagley Ice Valley, East Jefferies and
Columbus Glacier are positive, Quintino Sella and King Trench Glaciers, the head of the
Bering Glacier system, are strongly negative in the long-term estimates.

The

area-average elevation change of the ice divide with Seward Glacier is negative as well.
This indicates that the surge dynamics of the Bering Glacier system main flow band is
depleting glacier mass from the high-elevation accumulation areas and re-positioning it
far downglacier in the middle-altitude range, at a rate much faster than that of a glacier in
steady-state with climate.

Increased stress and kinematic effects of the 1993-95 surge

initially affected the middle-altitude accumulation area of Bagley Ice Valley by moving
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mass into Bering Glacier, which is the low-altitude ablation area of the system main flow
band.

There, ablation processes occurred and lead to the high wastage observed.

It is

likely that the next surge will similarly remove the increased mass from Bagley Ice
Valley downglacier into Bering Glacier where ablation will result in high wastage yet
again.

If the next surge is strong enough it will affect Quintino Sella Glacier, just as in

the past surges, by depleting its mass, which again will be deposited it into Bagley Ice
Valley.

Even though high-elevation accumulation has increased, the rate of this increase

is much less than the rate of mass removal by surge dynamics.

Thus, mass removed

from Quintino Sella Glacier is not likely to be restored by accumulation at least for many
decades given the trend of high-elevation accumulation increase from the Mount Logan
ice core [Moore et al., 2002].
The Tangborn [1999; supporting material at http://www.hymet.com] PTAA model,
whose parameters we calibrated with the SAA-to-DEM method results from 1972 to
1995 and 2000 allows us to consider the time series of mass balance variables of
accumulation, ablation and net balance (Fig. 3.15). The model accumulation balance
(Fig. 3.15 green series) shows an increasing trend from 1950 to 1992 with an interannular
variability of about 1 m water equivalent.

This is followed by a decrease trend from

1993 to 2004 with about the same interannular variability.

The net balance (Fig. 3.15

blue series) is estimated at about -0.9 ± 0.3 m/yr water equivalent on average from 1972
to 2000, in the parameter calibration period and compares well with the DEM-to-DEM
estimates.

The ablation balance (Fig. 3.15 red series) from 1972 to 2004 shows a

decrease trend with interannular variability, roughly 2 m water equivalent.
after 1993 the model series shows increased ablation.

In the years

2004 shows exceptional ablation.

The USGS monitoring program on Gulkana Glacier shows a trend of increased
ablation since the mid-1990s.

2004 had an exceptional ablation season which resulted

in a substantially negative net balance [Rod March, per. comm., 2005]. Summer 2004
temperatures in Alaska were the highest on average since 1918 [Levinson, 2005].

Fall

and annual 2002 temperatures in Alaska were the highest recorded since 1918 [Waple and
Lawrimore, 2003].

During 2004, sea surface temperatures of the Gulf of Alaska as well
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as the other oceans, except the mid-latitudes of the southern ocean, were increased
[Hoerling et al., 2006].

Since 1880, the 2004 sea surface temperatures were the

thirdhighest and the land surface temperatures the fourth highest on record [Levinson,
2005].

From 1955 to 2003 the heat content of the world oceans has increased as well

[Levitus et al., 2005]. In this period the most rapid and steady increase has occurred
since about 1990.

The top of the troposphere, represented approximately by the altitude

of the 500 hPa pressure surface varies in its altitude spatially and temporally by thermal
expansion or contraction of the troposphere [Oort and Peixoto, 1983].

In the summer of

2004 the 500 hPa pressure surface was increased in altitude over Alaska as well as global
(annual basis), correlated with the land-ocean warming and consistent with thermal
expansion of the troposphere column [Hoerling et al., 2006].

Interestingly, in 2002 an

increase in altitude of the top of the troposphere by thermal expansion over Alaska,
summer or annual basis, did not occur [Waple and Lawrimore, 2003].
The PTAA model shows that years of exceptional ablation / melting are due to a rise
in elevation of the transient snow-line, roughly the freezing altitude in the troposphere.
This suggests that the increased mass of Bagley Ice Valley, which is above the long-term
transient snow-line and the equilibrium-line elevation and which would not be subject to
melting during an average summer, will be subject to melting during summers of
exceptional warmth, as in 2004 and previous years. However, even during years which
are not accompanied by exceptional melting, the increased mass of Bagley Ice Valley is
poised for the next surge, and when it occurs it will move the increased mass into Bering
Glacier, below the equilibrium-line elevation where it will rapidly waste.

Thus, by

hypothesis, the affect of surge dynamics on the mass balance of the Bering Glacier
system is to move glacier mass out of the protected high-elevation accumulation areas at
a much faster rate than can be replenished through climate linked snow accumulation and
the transformation of snow into glacier ice.
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3.5

Conclusions

Among the coastal mountains of south-central Alaska and Yukon, the Bering Glacier
system is the largest and possibly most complex surge-type association of temperate
glaciers in North America.

Substantially negative and spatially non-uniform

area-average elevation lowering of the Bering Glacier system is observed from 1972 to
2003.

The ablation areas of Bering Glacier and Steller Glacier, and the Central Folded

Moraine Band between them show substantial area-average elevation lowering.

The

head glacier of the system, Quintino Sella Glacier, shows substantial area-average
elevation lowering from 1972 to 2000 with some moderation of lowering from 2000 to
2003.

Bagley Ice Valley and Columbus Glacier show significant area-average elevation

rising.

The ice divide of Columbus and Seward Glacier in Yukon shows area-average

elevation lowering.

The lowering of Quintino Sella Glacier and the ice divide, the rising

of Bagley Ice Valley and Columbus Glacier, and the lowering of the Bering Glacier are
explained by surge dynamics operating against the backdrop of climate warming.

As

transmission of increased strain rate and kinematic effects from the 1993-95 surge
propagated upglacier, surface elevations of Bagley Ice Valley and Columbus Glacier
initially lowered as glacier mass was removed.

The transmission of increased strain rate

further progressed to the high-elevation source regions of Quintino Sella Glacier and ice
divide, with Seward Glacier.

Afterward, the high-elevation source region surface

elevations lowered and the surface elevations of Bagley Ice Valley and Columbus Glacier
rose from the dynamic transfer of glacier mass.
The short-term area-average elevation changes of the main flow band of the Bering
Glacier system, 1995 to 2000 and 2000 to 2003, compared with the elevation changes
from 1972 to 1995 show affects of surge-cycle dynamics operating against the backdrop
of increased coastal temperatures and precipitation.

In the 1972 to 1995 interval,

3

From 1995 to 2000, the volume

volume loss of the main flow band was 49.8 ± 3.8 km .
loss reached 30.4 ± 0.6 km3.
km3.

From 2000 to 2003, the volume loss reduced to 6.7 ± 1.2

Combing results from differencing digital elevation models (area-wide) and
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small-aircraft altimetry profiling of the glacier system (flow-bands) on common datums,
during 1972 to 2003 the Bering Glacier system had a volume loss of 110.7 ± 7.0 km3 over
an area of 4073 km2 (80% of the total system area) at an area-average rate of -0.9 ± 0.1
m/yr.

This is the first-time estimate of the glacier net mass balance of the Bering

Glacier system.
Our observations of the Bering Glacier system during its surge cycle form 1972 to
2003 establish a hypothesis that the area-average elevation changes of the Bering Glacier
system are the product of surge dynamics playing against the effects of climate warming.
By hypothesis, the effect of the Bering Glacier system surge dynamics on its mass
balance is to remove mass from its protected high-elevation reservoir, Quintino Sella
Glacier, and poise it in the middle-elevation range of Bagley Ice Valley, awaiting the next
surge.
The freezing altitude in the troposphere roughly coincides with the elevation of the
transient snow line [Paterson, 2001].

This elevation-marker varies on diurnal, seasonal,

annular, interannular, decadal and centennial time scales.

The equilibrium-line elevation

marks the lowest elevation boundary where glacierization can occur [Zemp et al., 2006].
Since the last glacial maximum, glacier equilibrium-line elevations have risen [Megis and
Sauber, 2000].

Since 1976/77 seasonal and annual temperatures have made a notable

increase and new record highs continue to be established almost on a yearly basis against
long-term records beginning in 1850 [Waple and Lawrimore, 2003; Levinson, 2005].
High-elevation snow accumulation as measured from the Mount Logan, King Col site
core also shows a significant increase since 1976/77 [Moore et al., 2002].

Yet, the

increase of snow accumulation from 1976 to 2000 is 0.12 m per decade in water
equivalent (99% significance level).

The 1972 to 2003 area-average rate of elevation

decrease on Quintino Sella Glacier is 1.5 ± 0.1 m/year.

The depletion of glacier mass

from Quintino Sella Glacier by the surge dynamics of the Bering Glacier system cannot
be recovered through the climate forced snow accumulation and the transformation of
firn into glacier ice as quickly as it was removed.
Subglacial water has a great and direct influence on glacier velocity, stability, bed
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erosion and transport [Fountain and Walder, 1998]. Continued monitoring by precisely
determined surface elevations with observations of glacier bed properties, and water
storage and discharge are needed to increase out understanding the linkage of the Bering
Glacier system dynamics and mass balance with climate change.
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Area

∆V

∆E Extremes

.

.

-1.2 ± 0.1

∆V ≡ Volume Change; ∆E ≡ Elevation Change; ∆E ≡ Area-average Elevation Change; ∆t ≡ time interval; ∆E ≡
Area-average Elevation Change Rate.
* A section of Bering Glacier covered by the USGS DEM from the north edge of the SRTM C-band DEM to the west edge of
the ITI DEM with the August 2000 small-aircraft altimetry profile.

-31.8 ± 2.0

1972 to 1999
1972 to 1999
1972 to 1999

-88.1 ± 4.0
-49.6 ± 4.0
-57.3 ± 5.0

-3.3 ± 0.1
-1.8 ± 0.1
-2.0 ± 0.2

1972 to 2000

1976 to 2000
1972 to 2000

-1.0 ± 0.3
+0.5 ± 0.2
+1.2 ± 0.2
-0.4 ± 0.2
0.2 ± 0.1
-1.9 ± 0.2
-0.4 ± 0.2
-0.2 ± 0.1
-1.5 ± 0.4

-28.0 ± 9.0
+12.9 ± 6.0
+33.6 ± 6.0
-10.2 ± 6.0
+6.8 ± 3.6
-46.7 ± 5.0
-10.3 ± 7.0
-4.5 ± 2.8
-42.4 ± 5.0

∆E
[m/yr]

1972 to 2000
1972 to 2000
1972 to 2000
1976 to 2000

∆t

[m]

∆E

Difference DEM Method Area-Average Elevation Changes from 1972/73 to 2000

[km2]
[km3]
[m]
[m]
1972/73 (USGS DEM), 1976 (NRCA DEM) to 2000 (ITI DEM)
Bagley Ice Valley (1)
168
-4.7 ± 1.5
-50.0 ± 9.0
Bagley Ice Valley (2)
575
+7.4 ± 3.4
-40.0 ± 6.0
+100 ± 6.0
Columbus Glacier (3)
187
+6.3 ± 1.1
-30.0 ± 6.0
+120 ± 6.0
Columbus
(4)
157
-1.6 ± 0.7
-90.0 ± 4.0
+160 ± 4.0
Σ(1)to(4)
1087 +7.4 ± 3.9
Quintino Sella G. (5)
257
-12.0 ± 1.3
-230.0 ± 5.0 +50.0 ± 5.0
E. Jefferies G.
(6)
242
-2.5 ± 1.7
-50.0 ± 7.0
+50.0 ± 7.0
Σ(1)to(6)
1586 -7.1 ± 4.5
Bering Glacier*
(7)
613
-25.6 ± 3.1
-68.0 ± 5.0
1972/73 (USGS) to 1999 (SRTM 2000 adj. to 1999)
Bering Lobe
(8)
488
-43.0 ± 1.9
-160.0 ± 4.0
Central Moraine (9)
282
-14.0 ± 1.0
-150.0 ± 4.0 +60.0 ± 4.0
Steller Lobe
(10)
192
-11.0 ± 1.0
-100.0 ± 5.0
Bering Glacier system, 1972 to 2000
Σ(1)to(10)
3161 -100.7 ± 5.9
See Figure 3.4 for label designations to the parts of the Bering Glacier system.
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Area
∆V

∆E

∆t

∆E

.

Small-Aircraft Altimetry-to-DEM Area-Average Elevation Changes from 1972 to 2003

[km2]
[km3]
[m]
[m/yr]
Bering Glacier
(A)
1226.9
-49.8 ± 3.8
-40.6 ± 3.1
1972 to 1995
-1.7 ± 0.1
Bagley Ice Valley
(B)
730.2
+8.6 ± 2.6
+11.8 ± 3.5
1972 to 1995
+0.5 ± 0.1
1957.1
-41.2 ± 4.3
-21.0 ± 4.7
1972 to 1995
-0.9 ± 0.2
Σ (A),(B)
Bering Glacier
(A)
1226.9
-82.3 ± 3.8
-67.1 ± 3.1
1972 to 2000
-2.4 ± 0.1
Bagley Ice Valley
(B)
730.2
+10.7 ± 2.6 +16.8 ± 3.5
1972 to 2000
+0.6 ± 0.1
1957.1
-71.6 ± 4.3
-36.6 ± 4.7
1972 to 2000
-1.3 ± 0.2
Σ (A),(B)
Bering Glacier
(A)
1226.9
-32.5 ± 3.8
-26.4 ± 3.1
1995 to 2000
-5.3 ± 0.1
Bagley Ice Valley
(B)
730.2
+2.1 ± 2.6
+ 2.8 ± 3.5
1995 to 2000
+0.6 ± 0.7
1957.1
-30.4 ± 4.3
-15.2 ± 4.7
1995 to 2000
-3.0 ± 0.7
Σ (A),(B)
Bering Glacier
(A)
1136.4
-58.6 ± 3.8
-51.6 ± 3.3
1972 to 2003
-1.7 ± 0.1
Bagley Ice Valley
(B)
686.2
+21.5 ± 2.6 +31.3 ± 3.9
1972 to 2003
+1.4 ± 0.1
W. Bagley Ice Valley
(C)
197.4
+2.6 ± 0.8
+13.2 ± 4.1
1972 to 2003
+0.4 ± 0.1
Steller Glacier
(D)
397.8
-14.0 ± 0.9
-35.1 ± 2.3
1972 to 2003
-1.1 ± 0.2
Tana Glacier
(E)
130.4
-2.7 ± 0.3
-20.7 ± 2.3
1972 to 2003
-0.7 ± 0.2
W. Jefferies Glacier
(F)
119.9
-3.9 ± 0.4
-32.9 ± 3.5
1972 to 2003
-1.1 ± 0.1
E. Jefferies Glacier
(G)
145.4
+4.0 ± 0.6 +27.9 ± 4.1
1972 to 2003
+0.9 ± 0.1
Quintino Sella Glacier+ (H)
232.7
-11.2 ± 0.6
-48.1 ± 2.6
1972 to 2003
-1.5 ± 0.1
3046.2
-62.3 ± 7.0
-20.4 ± 2.3
1972 to 2003
-0.7 ± 0.1
Σ(A)to(H)
Bering Glacier
(A)
1008.7
-11.5 ± 1.1
-11.4 ± 1.1
2000 to 2003
-3.8 ± 0.4
Bagley Ice Valley
(B)
636.5
+4.4 ± 0.4
+6.9 ± 0.7
2000 to 2003
+2.3 ± 0.2
+
Quintino Sella Glacier (H)
240.4
+0.4 ± 0.1
+1.7 ± 0.4
2000 to 2003
+0.5 ± 0.1
1885.6
-6.7 ± 1.2
-3.5 ± 1.4
2000 to 2003
-1.2 ± 0.5
Σ(A),(B),(H)
+
includes west-side icefield and King Trench Glacier in Yukon, air photography acquired in July 1976 [Center for Topographic
Information, Natural Resources Canada, per comm.]. Symbols defined in Table 3.1. See Figure 3.8 for glacier profile tracks
corresponding to labels.
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Figure 3.1

Bering Glacier system, eastern Chugach and St. Elias Mountains,

south-central Alaska, as seen by MODIS on 9 September 2004.

The part of Bagley Ice

Valley adjacent to Seward Glacier, Yukon, is named Columbus Glacier by the U.S. Board
on Geographic Names.

ID marks the ice divide with Seward Glacier, the main

accumulation area of the Malaspina Glacier system.
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Figure 3.4

Comparison of Small-Aircraft Altimetry (SAA) to ITI DEM along

near-center flow line on Bagley Ice Valley, Alaska. The elevation comparison is on the
WGS-84 datum.

The difference is -0.77 ± 0.93 m (ITI DEM lower) on average.

71

72

73

74

75

76

Figure 3.7

The USGS to SRTM DLR (X-band) Difference DEM showing the

elevation changes on the Central Medial Moraine Band (outline) with Bering Lobe (A)
and the USGS to SRTM JPL (C-band) Difference DEM showing the elevation changes
on Steller lobe, Central Medial Moraine Band and Bering Lobe (B).

77

78

Figure 3.9 SAA-to-DEM elevation changes along profiles, 1972 to 2003.
letters in brackets keyed to Figure 3.8.
and green (increase) dashed lines.

Reference

Area-average changes shown by red (decrease)
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Figure 3.10

SAA-to-DEM elevation changes along profiles, late summer 2000 to 2003.

Letters in brackets refer to profiles shown in Figure 3.8.
by green (increase) dashed lines respectively.

Area-average changes shown
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Figure 3.11
[A. Post].

Air photo mosaic of Tashalich Arm, Bering Lobe terminus on 10 July 1993
From about 1979 to 1993 the embayment of Vitus Lake had opened some 10

kilometers between the Central Medial Moraine Band and the west side of the Bering
Lobe.

Rapid calving from 1990 to July 1993 was observed.

extend 10 to 15 km upglacier of the calving terminus.
spacing.

Extensional crevasse

Grid scale plotted is 0.5 km
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Figure 3.13

Map and DEM profiles of Bagley Ice Valley (BIV) and Quintino Sella

Glacier (QS).

The earliest profile is from USGS 1957 maps [A. Post]. The elevation

changes span the surges of 1957-60, 1965-67, 1981 and 1993-95.

Quintino Sella

Glacier shows its elevations increased from 1957 to 1972, then reduced from 1972 to
2000.

Elevations on Bagley Ice Valley were reduced from 1957 to 1972, and then

increased from 1972 to 2000.

These changes support an interpretation of increased

mass transfer by surge dynamics over the main trunk of the Bering Glacier system.
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Figure 3.14 NASA ASTER image of Quintino Sella Glacier (QSG), acquired on 3
August 2004 showing crevasse and pools of water in the center flow band.
image is a false color near infrared, 15 m by 15 m pixel size.

The ASTER

The conspicuous brownish

material may be debris-laden pools of water from the basal hydrologic system.
water pools may be from the englacial hydrologic system.

Clean

Surface features as these are

indicative of sudden glacier motion, typical of a surge glacier.

Other abbreviations are

for Bagley Ice Valley (BIV), Columbus Glacier (CG), King Trench (KT) and Seward
Glacier (SG).
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Chapter 4

Accelerating Wastage of the Malaspina Glacier System in
Alaska, U.S.A., and Yukon, Canada from 1972 to 20058

Abstract.

The Malaspina Glacier system is located in the heavily glacierized St. Elias

Mountains of coastal south-central Alaska, U.S.A., and south-west Yukon Territory,
Canada.

The near-concurrent surges of the piedmont glaciers during 1999 to 2002 on: i)

the Seward lobe (central lobe); ii) Agassiz Glacier (a west-side tributary lobe); and iii)
Marvine Glacier (a detached east-side tributary lobe) are investigated.

Area-average

elevation changes on the Seward lobe in two time periods support a hypothesis of
formation of the giant folded moraines by a mechanism of sequential surges alternating in
direction from SE to SSW.

The surge-driven, folded, debris-covered and ice-cored

moraines show area-average lowering at 1.2 ± 0.1 m/yr from 1972 to 1999, accelerating
to 2.4 ± 0.3 m/yr from 1999 and 2002.

During 1972 to 1999 the east-half of the Seward

lobe shows area-average lowering at 2.0 ± 0.1 m/yr, accelerating to 4.1 ± 0.3 m/yr from
1999 to 2002.

Above 1600 m elevation, the west-half of upper Seward Glacier, the

main accumulation area, lowered by 0.5 ± 0.1 m/yr, on average, from 1976 to 2000.
Elevation changes from 2000 to 2003/2005 show lowering of 5.9 ± 0.6 m, on average, at
2060 m elevation near the ice divide with Bagley Ice Valley.
temperatures have increased significantly.
o

C since 1979.

Since 1976/77 coastal

Winter mean temperatures have been above 0

Fall and winter precipitation (rainfall at low-elevations) have increased.

These factors contributed to the high rates of surface lowering observed on the Malaspina
piedmont during recent years.

At high-elevations, lowering of the accumulation area

despite increasing annual snow accumulation, in an average sense, suggests a dominant
8

Muskett, R.R., C.S. Lingle, J.M. Sauber, A.S. Post, W.V. Tangborn, B.T. Rabus and K.A. Echelmeyer.
Accelerating Wastage of the Malaspina Glacier System in Alaska, U.S.A., and Yukon, Canada, from 1972
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role by surge dynamics.

From 1972 to 2002 the Malaspina Glacier system lost 150 ±

15.0 km3; a net mass balance of -1.4 ± 0.2 m/yr over an area of 3661 km2.

This is a

substantial contribution from the world’s largest piedmont glacier system to global
sea-level rise.

4.1 Introduction
The piedmont of Malaspina Glacier system (Fig. 4.1), with an area of 2400 km2 [Post
and LaChapelle, 2000], includes the ablation areas of Agassiz and Marvine Glaciers to

the west and east, respectively, of the central Seward lobe.

The sinuous lower Seward

Glacier, mostly in Alaska, connects the large upper Seward Glacier accumulation area, in
Yukon, to the Seward lobe of the Malaspina Glacier, in Alaska.

The Malaspina Glacier

system, including all tributaries, has a total area of about 5,000 km2, making it the largest
piedmont glacier on Earth [Molnia, 2001].
Below the southwest-opening mouth of lower Seward Glacier, the Malaspina
piedmont lies in a broad basin descending to at least 320 meters below sea level [Molnia
and Jones, 1989].

A side-looking airborne radar (SLAR, X-band, 10-meter resolution)

investigation conducted by the U.S. Geological Survey (USGS) in November 1986
indicated a complex subglacial morphology of multi-directional channels, the margins of
which are cut by numerous cirque-like features, 1.5-2.5 km wide by 10-25 km long.
This subglacial morphology, expressed in the topography of the glacier surface, was
inferred from radar backscatter intensity.

A field survey by the USGS in Sept. 1988

confirmed the glacier surface morphology.

Ice-penetrating radar measurements made in

early Sept. 1989 showed maximum ice thicknesses in excess of 850 m [Molnia et al.,
1989].
The glaciers of the tri-lobed Malaspina piedmont surge at intervals ranging from
about 5 to 30 years [see Post, 1969].

Quiescent flow velocities on parts of the Seward

lobe can range from about 0.5 to 1 m/d [Krimmel and Meier, 1975; Lingle et al., 1997].
Surge flow velocities can be on the order of 10 to 20 m/d [Jones et al., 1989].
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Speculative suggestions as to the origins of the impressive, folded medial moraines on
Malaspina Glacier have been advanced by, e.g., Washburn [1935] and Sharp [1958].

In

1964, using aerial photography dating from the 1930s with cartographic analysis, A. Post
proposed a hypothesis of the origin of the folded moraines which characterize the surface
of Malaspina [unpublished manuscript].

In this study we will address the Post

hypothesis, present observations of near-concurrent surges on the lobes of the Malaspina
piedmont glacieres, and address the area-average elevation changes on the Malaspina
Glacier system in view of surge dynamics and climate warming effects.
Airborne and spaceborne digital elevation models (DEMs) and laser altimeter data are
employed for detection of glacier elevation changes on multi-decadal and shorter
time-scales and assessment of systematic errors and uncertainty.

We further employ

daily meteorological observations from the NOAA National Weather Service (NWS)
stations at Cordova and Yakutat, Alaska, to help understand the climate warming effects
in precipitation and temperature which have occurred at low-elevations in south-central
Alaska.

To estimate seasonal snow accumulation that is used to adjust the DEMs and

altimetry to a common September 1 date for differencing, we employ the Tangborn
[1999] Precipitation Temperature Altitude-Area (PTAA) glacier mass balance model with
in-situ surface snow densities [Sharp, 1951, 1958; Alford, 1967] and an estimated winter
density [Zwally and Li, 2002].

To gain insight of the climate warming effects at

high-elevations we employ the annual snow accumulation record derived from the Mount
Logan ice core drilled at King Col (60.6 oN, 140.6 oW, 5340 m elevation) that dates from
1725 to 2000 [Moore et al., 2002].

4.2

Data

4.2.1

Digital Elevation Models

Intermap Technologies, Inc. (ITI) conducted two airborne surveys, 4 to 13 September
2000, and 2-4 August 2002, covering areas in the Saint Elias Mountains in Alaska, U.S.A.,
and Yukon, Canada.

The Star-3i synthetic aperture radar (SAR) X-band system uses
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fuselage mounted dual antennas with onboard kinematic GPS, and GPS-located ground
corner reflectors for position control and post-processing error reduction [Intermap
Technologies, 2006].

The X-band radar is characterized by a 0.031 m wavelength at

9.57 GHz, HH polarization with a swath width of 6 to 10 km.

High resolution DEMs

are processed by interferometric SAR (InSAR) techniques with 10 m postings relative to
the World Geodetic System 1984 (WGS-84) ellipsoid (planemetric datum) projected in
the UTM system and the Earth Gravity Model 1996 (geoid model vertical datum).
Nominal root mean square error (RMSE) in the horizontal plane is about 2.5 m and in the
vertical plane is about 3 m [see Muskett et al., 2001].

A second set of DEMs was

provided by ITI having the WGS-84 ellipsoid as the vertical datum.
The ITI airborne survey of 3-14 September 2000 covers 5000 km2 of Bagley Ice
Valley, from Juniper Island nunatak on the west, to the near-middle of upper Seward
Glacier, across the ice divide in Yukon, Canada (Fig. 4.2).

Parts of glaciers important to

the Bering Glacier system in Alaska and Yukon are also covered.

These include east

Jefferies Glacier, and the head glacier of the Bering system, Quintino Sella Glacier and
King Trench Glacier on the west high-elevation slopes of Mount Logan.

The upper

accumulation area of the tide water Yahtse Glacier, of Icy Bay, is also covered in the ITI
Bagley DEM.
The ITI airborne survey of 2-4 August 2002 covers 5000 km2 of the Malaspina
Glacier system in Alaska, U.S.A. and Yukon, Canada and includes several smaller
associated glaciers in the St. Elias Mountains, from Icy Bay on the west to Yakutat Bay
on the east (Fig. 4.3).

These include Tyndall Glacier, a tidewater glacier at Icy Bay,

Agassiz Glacier / Newton Glacier, the west-lobe of the Malaspina piedmont, the central
Seward lobe and the lower Seward Glacier, Marvine Glacier, the east-lobe of
theMalaspina piedmont and Hayden Glacier and a portion of the upper Seward Glacier
near the Mount Irving nunatak.
The NASA Shuttle Radar Topography Mission (SRTM), 11-22 February 2000, which
was jointly funded by the National Geospatial-Intelligence Agency (NGA) had the first
spaceborne single-pass SAR interferometer [see Eineder et al., 2001; Rosen et al., 2001;
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Hoffman and Walter, 2006; Slater et al., 2006].

Led by NASA and the Deutsches

Zentrum für Luft- und Raumfahrt (DLR), SRTM was an international effort that included
the Jet Propulsion Laboratory (JPL) and the Italian Space Agency (ISA).

I employ the

X-band (0.031 m wavelength, 9.6 GHz, VV polarization, 50 km nominal swath width,
52o nominal look angle, 63 m cross-track and 7 m along-track baselines, X-SAR
subsystem) InSAR DEM (SRTMX DEM) provided by the DLR (Fig. 4.3) [Geudtner et
al., 2002; Hoffmann and Walter, 2006; Kiel et al., 2006].

The dual-antenna single pass

mission rendered SAR data free of mapping errors and water vapor artifacts characteristic
of repeat-pass satellite InSAR techniques [e.g. Goldstein, 1995; Joughin et al., 1996;
Zebker et al., 1997; Hanssen et al., 1999; Rodriguez et al., 2006].

Calibration of the

X-SAR instrument was provided through a composite “synthetic” altimetry model which
incorporated in-orbit radar altimetry measurements collected on ocean surfaces [Helm et
al., 2002].

These data were processed and the DEMs produced at DLR.

The SRTMX

DEM was derived from 7 orbit swaths and has a nominal pixel size of 25-by-25 m in the
UTM projection system relative to the WGS-84 ellipsoid.

The nominal RMSE vertical

accuracy is 6 m relative, 16 m absolute, and the nominal RMSE horizontal accuracy is 15
m relative, 20 m absolute, at the 90% confidence level (Fig. 4.4).
SRTMX DEM elevations are adjusted using the PTAA glacier mass balance model of
Tangborn [1999]9 for estimated winter snow accumulation per elevation interval, based

on National Weather Service daily data from Cordova and Yakutat and estimated surface
snow densities and the area-elevation distribution of the glacier.
elevations to a Sept. 1, 1999 level.
is middle August, however.

This adjusts the

The end of the balance year in south-central Alaska

We assume ITI DEM to be the more accurate DEM.

SRTMX DEM is then co-registered to the ITI DEM.

The

The systematic vertical error of the

SRTMX DEM was estimated relative to the ITI DEM by computing the apparent
elevation differences over areas of fixed (not glacierized) topography in both DEMs.
The mean vertical offset on the outwash terrain fronting Malaspina Glacier is 3.5 ± 0.8 m,
on average (the SRTMX DEM is higher), on slopes from slopes 0 to 2 degrees
9

note added; see Thesis Appendix 2.

[Muskett
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et al., 2003b]10.

We take this to be the systematic error, and use it to correct the glacier

surface SRTMX elevations.

The datum of the SRTMX DEM is the WGS-84 ellipsoid.

USGS DEMs covering the Malaspina Glacier system in Alaska were derived from
relief plate contours corresponding to 1:63,360 scale topographic maps [USGS, 1990].
The compilation of the relief plate contours date from aerial photography acquired in
late-summers of 1972 and 1973. The data have 2 arc seconds latitude by 3 arc seconds
longitude elevation postings relative to the North American Datum 1927. The vertical
reference for elevation is the National Geodetic Vertical Datum 1929 (NGVD 29).
Nominal vertical accuracy of the USGS DEMs is about 15 m (1/2 map contour interval).
The USGS DEMs were mosaicked, re-projected onto the UTM system with WGS-84
ellipsoid horizontal datum (vertical datum not affected), and re-sampled to 30-by-30 m
pixel size for co-registration with the ITI and SRTMX DEMs for estimates of the
multi-decadal area-average elevation changes [see Muskett et al., 2003a].

The SRTMX

DEM is adjusted to a mean sea level datum using the National Oceanographic
Atmospheric

Administration

GEOID99-Alaska geoid.

(NOAA)

National

Geodetic

Survey

(NGS)

GEOID99-Alaska is a derivative of GEOID99 geoid model of

the North American Vertical Datum 1988 (NAVD 88) [Zelkoski et al., 1992; Zelkoski,
2001; Smith and Roman, 2001].
The portion of the ITI DEM of Bagley Ice Valley (Sept. 2000) which covers the
west-half of Seward Glacier in Yukon is used for comparison with DEMs from the
Natural Resources Canada (NRCA, scanned contours whose air photography dates from
July 1976)11.

The NRCA DEM uses WGS-84 as the horizontal datum. The vertical

datum of the NRCA DEM is NGVD 29.

The NRCA DEM of Seward Glacier was

adjusted for estimated systematic errors in comparison to the ITI Bagley (ITIB) DEM.
The ITIB DEM was adjusted for estimated snow accumulation from 1 Sept. to 14 Sept.
2000. NGS GEOID99-Alaska data was used to adjust the vertical datum of the ITIB
DEM to a mean sea level datum for comparison to the NRCA DEM of Seward Glacier.

10
11

note added; see Thesis Appendix 1.
note added; see Chapter 3.
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Near concurrent small-aircraft laser altimetry was acquired in late August 2000 for
comparison to the ITIB DEM [see Muskett et al., 2003a].
was estimated at 1.3 ± 0.9 m on average.
ITIB DEM has one m RMSE accuracy.

The X-band penetration depth

This indicates that on low-slope surfaces, the
An investigation of airborne SAR (NASA/JPL

Topsar) C-band (0.056 m wavelength) and L-band (0.24 m wavelength) penetration
depths relative to small-aircraft laser altimetry was performed in southern Alaska on
Brady and Reid Glaciers [Rignot et al., 2001]. On these and other temperate coastal
glaciers in southern Alaska, the ablation facies occurs from sea level to roughly 800 m
elevation and the wet-snow faces, from 800 m to about 1500 m elevation [see Partington,
1998; Li et al., 1999]. C-band radar penetration depth on the ablation and wet-snow
facies showed averaged 1 to 2 m with a scatter at the higher-altitudes of about 4 ± 3 m
depending on local conditions.

On the glaciers of Mount Wrangell (north of Bering and

Malaspina Glaciers), the dry-snow facies occurs at 3400 m altitude on the north side and
at 4000 m on the south side [Benson et al., 1996; Partington, 1998]. Radar is highly
sensitive to grain-boundary water content of the imaging medium.

Grain-boundary

water content as low as 2% can reduce penetration depth by an order of magnitude
relative to the dry grain-boundary condition [Rott and Matzler, 1987; Partington, 1998;
Li et al., 1999].

On Seward Glacier, west of Mount Vancouver at about 2500 m

elevation, snow pits dug in the late 1940s showed abundant ice lenses, indicating the
presence of free-water which percolated from the surface and froze at depth [Sharp,
1951].

Changes in the rate of firn densification can cause variations in surface elevation

changes on the order of ±0.10 to 0.20 m in the dry-snow facies [see Zwally and Li, 2002].
In this analysis, we assume Sorge’s law to be true in an approximate sense on temperate
glaciers in Alaska and Yukon from 1972 to 2002 [see Bader, 1954].
The USGS and NRCA DEMs are the dominant source of elevation errors.
Systematic height errors likely have two sources: 1) inadequate photogrammetric vertical
control, and 2) poor stereographic resolution in flat terrain, causing contour mislocation
and shape exaggeration, i.e. “contour floating”12.
12

note added; see Thesis Appendix 1.
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Vertical control errors of the USGS DEMs were estimated relative to the ITI and
SRTMX DEMs on low-slope (0 to 2o) areas of the non-glacierized Malaspina foreland
[see Muskett et al., 2003a].

On the foreland near Cape Sitkagi (59o 44’ N, 140o 45’W,

about 10 m a.s.l.) the USGS DEM was found to be within about 0 ± 10 m (200 pixels) of
the co-registered, seasonal snow depth adjusted and geoid referenced SRTMX DEM.
Height errors caused by “contour floating” were estimated by comparing USGS DEM
contour shapes to corresponding contour shapes of the SRTMX DEM on the Seward lobe.
We assume corresponding contours should have the same shapes (not absolute elevations)
in 1972/73 and 2000.

This assumption was tested on Tyndall Glacier, where massive

thinning has occurred [Muskett el al., 2003a].

The USGS contours showed little

exaggeration (~ 0 ± 2 m) although some upglacier shift was evident due to thinning.
The USGS DEM contours shapes relative to the SRTMX DEM contour shapes suggest
the 1972/73 surface was mapped about 6 ± 3 m too high.

4.2.2

Laser Altimetry

4.2.2.1 Small-Aircraft Altimetry
In the 1990s a small-aircraft altimetry (SAA) system for obtaining profiles of surface
elevations on glaciers was developed at the Geophysical Institute, University of Alaska
Fairbanks [see Echelmeyer et al., 1996].

Glacier elevation profiles on upper-lower

Seward Glacier and the Seward lobe were acquired in June 1995 and 2000.

The

profiling system at these times used a nadir pointing infrared laser rangefinder linked to a
gyro for orientation, and a dual-frequency kinematic Global Positioning System (GPS)
for location determination.
system.

Data-recording was maintained with an on-board computer

Continuously operating ground-based GPS systems located over benchmarks

near the flight-region, with the on-board GPS allowed for post-processing of the acquired
data to elevation points on the glacier surface spaced about 1.5 m along track and with a
nominal vertical accuracy of 0.30 meters.

The post-processed elevations were relative

to the North American Datum 1988 (Global Reference System 1980 ellipsoid).
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In-house re-processing of the original data from 1995 and 2000 identified systematic
biases of 0.30 m (too high) for the 1995 profiling and 0.20 m (too low) for the 2000
profiling.
region.

These biases were due to poor control on one of the benchmarks in the flight
Corrections for the biases have been made. Elevations were transformed to the

WGS-84 datum (WGS-84 ellipsoid) in the UTM projection system.

4.2.2.2 Ice, Cloud and Land Elevation Satellite (ICESat) Altimetry
ICESat altimetry coverage is global between 86o N to 86o S.

The ICESat instrument

transmits and receives coherent light pulses at 532 nm (green channel) and 1064 nm (near
infrared channel) from a three laser pod carousel system [Schutz et al., 2005].

The pulse

rate is 40 pulses per second, illuminating a nominal footprint of 70 m in diameter, spaced
about 172 m along orbit track.

Spacing between orbit tracks is nominally about 10 km

at 71o N latitude over the Barrow Peninsula and about 14.5 km at 60o N latitude over
south-central Alaska. The horizontal and vertical reference datum of ICESat altimetry is
the TOPEX/Poseidon ellipsoid (TP).

This ellipsoid differs from the World Geodetic

System 1984 (WGS-84) ellipsoid due to the TP semi-minor and semi-minor axes being
slightly smaller than those of WGS-84.

This makes elevations referenced to TP, 0.71 m

higher than as referenced to WGS-84 [National Snow Ice Data Center].

TP datum

elevations are transformed to WGS-84 datum for comparison to ITI and SRTM DEM
elevations.
ICESat pointing and vertical errors have been evaluated throughout the mission.
Magruder et al. [2005], in a study on the White Sands Missile Range, found pointing

accuracy to be about 3.5 ± 1.5 arc second for Laser 2 campaign A release version 19
(about ± 10 m on flat terrain) and about 2.5 ± 2.2 arc second for Laser 3 campaign A
release version 18 (about ± 7 m on flat terrain) campaigns.

Carabajal and Harding

[2005] investigating ICESat horizontal and vertical errors, relative to the errors of
C-Band derived SRTM DEMs covering western North America, found ICESat horizontal
errors to be on the order of 2.4 ± 7.3 m and vertical errors to be on the order of 0.04 ±
0.13 m per degree of incidence angle.

At this time the ICESat Science Team is
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continuing in-flight corrections to ICESat data based on analysis of on orbit and ground
based calibration / validation observations [see e.g. Luthcke et al., 2005].
Surface elevation data from altimetry crossing south-central Alaska are from ICESat
GLA06 Global Elevation products.

Surface elevation data differ by parameterizations

for icesheets (GLA06, standard parameterization) and land cover (GLA14 alternative
parameterization) [Zwally et al., 2002].

Since launch, in-orbit calibrations for Precise

Orbit Determination (POD) and Precise Attitude Determination (PAD) are on going
[Urban et al., 2006]. On inspection, ICESat waveforms showed minimal cloud, to
modest, variable cloud conditions.

Same-day NASA Terra-Moderate Resolution

Spectroradiometer (MODIS) imagery corroborates good weather conditions over the
glaciers of interest at the times of ICESat data acquisitions, although farther into the
interior of Alaska and into the central Gulf of Alaska cloudiness was evident.
The ICESat mission has encompassed ten operational campaign periods of the lasers
1, 2 and 3.

Data for this south-central Alaska study come from Laser campaigns 2A and

3A, GLA06 and GLA14, 10-03-2003 to 11-08-2004, product releases 421, 423 and 426
for glacier elevation change detection.

In a search area from the Copper River Basin on

the west to Cathedral Glacier, Yukon, on the east, 251 files were downloaded from the
National Snow Ice Data Center and inspected programmatically for acceptable data
records.

Two additional tracks from March 2003 (Laser 1, release 318) and Feb. 2004

(Laser 2B, release 426) were used for bias estimates on the Malaspina foreland.

ICESat

altimetry releases 421 and 426 were compared on glacier (low-slope) and non-glacier
(low- and high-slope) surfaces. Release 421 minus release 426 mean biases on low-slopes
range from 0.00 ± 0.03 m on the Malaspina foreland / Seward lobe to 0.05 ± 0.32 m on
Bagley Ice Valley.

Higher slope surface have higher mean bias and glacier surfaces with

heavy crevassing significantly increase the standard deviation of the mean value.
of the ICESat biases is ongoing [Sauber et al., 2006].

Study
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Late 20th Century Surge Observations and Elevation Changes

4.3

In this section we present observations of the surges of the Malaspina Glacier system.
Observations of the surges prior to 1999 are presented first to give a context for the 1999
to 2002 surge.

This has importance for understanding the changes in the surge direction

on the Seward lobe of the Malaspina piedmont, and the elevation changes.

We use the

net mass-balance formalism of Meier [1962] in the fixed-date system [see also
Anonymous, 1969].

The net mass-balance, i.e. the area-average elevation change, is

derived by the volume change over the glacier area over the time interval.

The area of

the Seward lobe is divided in half to examine and compare the elevation changes on the
west-half, the receiving area of the 1999 to 2002 surge, to those on the east-half, which
was the receiving area of the 1987/88 surge.

Area-average elevation changes within

area-elevation bins from the frontal folded moraines upglacier to mouth of the lower
Seward Glacier allow for examination and comparison of clean ice to debris-covered ice.
Elevation changes per elevation bin over lower Seward Glacier to the Mount Irving
nunatak on upper Seward Glacier in Yukon are also examined.

Finally in two time

intervals form 1972 to 1999 and from 1999 to 2002 the volume change per pixel area per
time interval distributions are examined with respect to the post-1987/88 surge elevation
lowering on the east-half and the 1999 to 2002 surge elevation rising on the west-half of
the Seward lobe.

Area-average elevation results for parts of the Malaspina Glacier

system and for the total are summarized in Table 4.1, the SAA-to-DEM method and in
Table 4.2, the Difference DEM method.

4.3.1

The Surges of the Seward Lobe of the Malaspina Piedmont 1954 to 1999

Prior to the 1999 to 2002 surge of the west half of the Seward lobe, the Malaspina
piedmont experienced observed surges in 1954/56 and 1987/88. A surge that occurred in
the early 1930s was captured in aerial photography by Bradford Washburn.

The

1954/56 surge was observed by R.P. Sharp and others of the Project Snow Cornice, Arctic
Institute of North America, as they were making summer season geophysical
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measurements on the Seward lobe as well as the Seward Glacier in Yukon [Sharp, 1951,
1958].

The surge was noted by a marked increase in the number and size of crevasses

between August 1953 and August 1954, rendering traversing the ice impossible.

Swales

and swells appeared greater in 1954 than in 1953 – not corroborated by measurements.
An aluminum pipe drill stem being used in an ice deformation / velocity at depth
experiments broke at a depth of about 100 m in the borehole.

By late summer of 1956

the surge had reached the folded debris covered ice-cored moraines on the south
terminus.
On November 25, 1986, prior to the beginning of the 1987/88 surge, the USGS flew
an X-band SLAR over the Malaspina piedmont [Jones et al., 1989; Molnia and Jones,
1989].

The backscatter image, 10 m pixel size, shows distinctive glacier bed

morphology reflected in the surface topography.

In the image, the west half of the

piedmont shows two crossing patterns of wide-channel morphology while the east half of
the piedmont shows a fine scale dendritic morphology.
The 1987/88 surge (Fig. 4.5) was a major event affecting the east-half of the Seward
lobe.

Analysis of the folded medial moraines using aerial photography from 1933/34

with later photography from the 1960s, suggested at that time that the next surge should
have occurred around 1970 – it did not.
to the southeast did occur.

However, a noticeable change in flow direction,

When the much delayed surge occurred, its timing was one

and one-half times that of estimate of the surge cycle as suggested from an analysis of the
folded medial moraines.

Oblique aerial photography [A. Post] shows the east-half of

the Seward lobe with heavy crevassing (Fig. 4.5A-F).

Figure 4.5A shows the top of the

Seward lobe, looking toward the channel of the lower Seward Glacier.

Heavy

crevassing and the “1960” fold (bottom lower-right) are visible with two anomalous folds
upglaicer.

Figure 4.5B, looking north to the confluence of the Seward lobe with

Marvine Glacier shows many of the large compound folds of the medial moraines.

A

grayish smear on the clean ice, photo left-center, marks an avalanche deposit first seen in
a 1934 photo [Bradford Washburn] when it was first entering the Seward lobe.

The total

displacement, estimated from a shaded relief rendering of the ITI Malaspina DEM (2002),
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is about 20 km.

Figure 4.5C shows the folded medial moraines of the Seward lobe and

Marvine Glacier at their confluence.
too was surging in 1988.

Heavy crevassing of Marvine Glacier shows that it

Figure 4.5E shows the surge front, west of Malaspina Lake,

over-riding the vegetated outwash plain and a proglacial lake.

Malaspina Lake (Fig.

4.5F) was almost filled by the propagation of the surging front ice and folded debris
covered ice-cored moraines.

From this photograph the surge front moved about 3 to 5

km into the lake at that time.

4.3.2

The Surges of the Malaspina Glacier System, 1999 to 2002

Figure 4.6 shows difference DEMs of the of the elevation changes on the Malaspina
Glacier system: i) from 1972 to 1999 using the SRTMX minus the USGS DEM (Fig.
4.6A); ii) from 1999 to 2002 using the ITI Malaspina minus the SRTMX DEM (Fig.
4.6B); and iii) from 1976 to 2000 using the ITI Bagley minus the NCRA DEM (Fig.
4.6C).

Local elevation changes and the area-average elevation changes will be

discussed.
Figure 4.6A shows that in 1999 the middle reaches of Agassiz Glacier had increased
surface elevations of up to 50 ± 1 m, while the lower reaches show surface elevations
decreased by as much as 150 ± 1 m relative to the surface level in 1972.

Similarly,

increased surface elevations are observed in the mouth of lower Seward Glacier and on
the upper reaches of Marvine Glacier.

Decreased surface elevations are observed over

the Seward lobe and the middle-to-lower reaches of Marvine Glacier.
Marvine lobe shows increased surface elevations.

The lower

These changes from 1972 to 1999 are

derived by differencing the co-registered SRTMX and USGS DEMs, after adjustment to a
common reference and correction for systematic error and estimated winter snow depth
[see Muskett et al., 2003a].
Figure 4.6B shows that in 2002, the upper Agassiz Glacier decreased by up to 40 ± 1
m, while surface elevation increased by as much as 100 ± 1 m downglacier near the
terminus, relative to the surface level in 1999.

The terminus advanced by up to 1.6 km.

Similarly, surface elevations decreased in the mouth of lower Seward Glacier and on
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upper Marvine Glacier, while surface elevations increased on Seward lobe SSW from the
mouth of lower Seward Glacier, and the upper ablation area of Marvine Glacier.

These

are surge signatures observed in the elevation differences between the co-registered ITI
and SRTMX DEMs after adjustment to a common reference (as in Fig. 4.6A) and
adjustment for systematic error and estimated winter snow depth.
The debris covered ice-cored folded medial moraines of the Malaspina piedmont
show considerable changes in response to the surges of 1999 to 2002.

A portion of the

folded moraine between Agassiz Glacier and the Seward lobe increased on order of 20 ±
1 m.

Horizontal displacements of the folded moraines between Agassiz Glacier, Seward

lobe and Marvine Glacier were up to 90 ± 1 m. Spot decreases on the folded moraines
are on the order of 40 ± 1 m.

Thermokarst sinkholes, with local relief of -10 to -20 m,

are abundant on the debris covered ice-cored moraines [Sauber et al., 2005].

Expansion

of sinkhole size by slumping and re-activation of buried crevasses by the surges of 1999
to 2002 are exposing fresh ice to winter and fall temperatures above freezing and
increased precipitation brought about by recent climate warming.

Thus, increased

melting is observed of the debris covered ice-cored moraines.
Figure 4.6C shows the elevation changes on the west-half of Seward Glacier (upper
Seward) in Yukon from July of 1976 to Sept. of 2000.
observed.

West of the ice divide with Columbus Glacier, elevation increases of up to

160 ± 3 m occur.
3 m.

Spatial non-uniform changes are

Elevation changes of the ice divide are decreased on the order of 10 ±

Maximum lowering is on the order of -55 ± 3 m and maximum increase is on the

order of 20 ± 3 m.

The estimated volume change per unit area of upper Seward Glacier

is -13 ± 3 m, a rate of -0.5 ± 0.1 m/yr, above 1200 m elevation.

Below 1200 m elevation,

near the Mount Irving nunatak the estimated volume change per unit area is -24 ± 3 m, a
rate of -1.0 ± 0.1 m/yr.
ICESat laser altimetry have been used to derive elevation changes on the glaciers of
south-central Alaska [see Sauber et al., 2005; Muskett et al., 2005; Muskett et al.,
2007a,b].

Figure 4.7 shows the ITI Bagley DEM of upper Seward Glacier in Yukon,

Canada.

The ITI Bagley DEM covers approximately the west-half of upper Seward
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Glacier.

The ice divide with Bagley Ice Valley is visible by the converging contours and

color gradation on the west side.

Crevasses are visible downglacier to the east.

ICESat tracks are shown by white lines crossing upper Seward.

Two

Track #0051, Laser

campaign 2B acquired on 02-26-2004 (a near repeat in Laser campaign 3A occurred on
10-30-2005) crosses at 2060 m elevation.

Track #0163, Laser campaign 2A acquired on

11-02-2003 crosses at 1890 m elevation.

A third ICESat track, #0171 of Laser

campaign 3A acquired on 10-20-2004 crosses upper Seward Glacier near the Mt. Irving
nunatak.
Figure 4.8 shows ICESat minus ITI DEMs, from tracks #0051, #0163 and #0171.
The ICESat-derived elevation have been corrects for vertical offset relative to the ITI
Malaspina DEM foreland and seasonal snow depth as described.

The mean elevation

change near the ice divide at 2060 m elevation, track #0051 from 2000 to 2003 is -5.9 ±
0.6 m, at rate of -2.0 ± 0.2 m/yr. The repeat of track #0051 in 2005 shows a mean of -4.7
± 0.8 m, at rate of -0.9 ± 0.2 m/yr from 2000 to 2005.

The mean elevation change at

1890 m elevation, track # 0163, is -2.3 ± 1.4 m, at rate of -0.8 ± 0.5 m/yr from 2000 to
2003.

The mean elevation change at 1650 m elevation, track #0171, is +7.8 ± 3.9 m, at

a rate of +3.9 ± 2.0 m/yr from 2002 to 2005.

Surface lowering from 2000 to 2003 on

the west-half of upper Seward Glacier is due to drawdown by the surge of lower Seward
Glacier.

The reduced lowering along track #0051 from 2000 to 2005 indicates a

post-surge 2003 to 2005 recovery of mass to upper Seward Glacier.

The strong

surge-induced lowering is occurring despite increase in annual snow accumulation as
estimated from the Mt. Logan ice core, King Col site [see Moore et al., 2002].

The

strong surface rising along track #0171, near the Mount Irving nunatak on the east-half of
upper Seward Glacier indicates spatially non-uniform elevation changes.
Figure 4.9 shows the ICESsat tracks (white lines), from 2003 and 2004 acquisitions,
crossing the ITI Malaspina DEM.

In addition to ICESat tracks #0051, #0163 and #0171

already described, is track #0029, Laser campaign 1, acquired on 03-06-2003.

This is a

noteworthy acquisition, requested by J.M. Sauber (NASA Goddard), through off-nadir
steering of ICESat (off-nadir pointing corrections applied to the derived surface
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elevations).

The track crosses the Seward lobe near its center N-S line at the mouth of

lower Seward Glacier, south to the folded debris-covered ice-cored moraines and the
Sitkagi Bluffs of the Malaspina foreland.
Figure 4.10 shows the ICESat minus ITI Malaspina DEM elevation changes along
tracks #0029, #0051 and #0163 crossing the Seward lobe of the Malaspina piedmont.
The

near-repeat acquisitions on 10-30-2005 and 11-06-2005 respectively of tracks

#0029 and #0051 differences (red) with corrections as described are shown for
comparison.

Acquisition of surface elevation by ICESat across the Seward lobe at these

times was obscured by cloud cover, with clear condition only over the lowermost portion
of the piedmont.

Elevation change along track #0163, the west-most of the ICESat

tracks, is -2.4 ± 1.3 m from 2002 to 2003.
50 km mark is noticeable.

A strongly negative elevation change near the

This ICESat minus ITI DEM difference, -72.3 m, occurs on

Oily Lake, a glacier dammed between the Samovar Hills nunatak and the Agassiz-Seward
lobe folded moraine (see USGS 1:250k Map Series, Mt. St. Elias, for geographic named
features).

The ICESat minus ITI DEM difference result suggest that the surge of lower

Seward which, affected the clean ice and bounding moraines of the west-half of the
Seward lobe, disrupted the ice-cored moraine dam and allowed the water of Oily Lake to
drain, presumably under the moraine.

Oily Lake was observed in a drained state in the

summer of 2003 [B. Molnia, USGS, pers. comm., 2007].
ICESat minus ITI DEM elevation differences along the clean ice of track #0051,
crossing Seward lobe diagonal to tracks #0163 and #0029, from 2002 to 2003, show
modest mean difference of -0.7 ± 2.0 m.

The near-repeat of track #0051 shows very

strong mean difference of -14.3 ± 5.8 m from 2002 to 2005.

This is a post-surge

lowering effect from heavy crevassing, exposing more surface area, and the exceptional
increase of summer temperatures in 2004 which acted together to produce high melting
rates [see Muskett et al., 2000; see Levinson, 2005].

Elevation differences along the

clean ice of track #0029 show strong mean rising of 6.0 ± 4.5 m from Aug. 2002 to Sept.
2002 (ICESat elevations adjusted for winter snow depth and vertical offset). Nearest the
mouth of lower Seward Glacier, elevation is increased by about 20 m.

This corresponds
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well with the elevation differences derived though differencing of the SRTMX and ITI
Malaspina DEMs (Fig. 4.6B) and by using the SRTM C-band DEM by Sauber et al.
[2005].

The elevation differences from the near-repeat of track #0029 have a mean of

-2.4 ± 6.7 m from 2002 to 2005.

Much of the acquisitions were obscured by cloud

cover at the ICESat over-pass time.
Independent aerial observation in 2000 indicated a surge of Marvine Glacier was
underway as reported by K. Echelmeyer.

SAA profiling of the Seward lobe in June

2000 shows new crevasse fields not present in June 1995.

In June of 2002, aerial

observations by a party including one of the authors (C.S.L.) were consistent with a surge
of Agassiz Glacier.
moraines.

Agassiz Glacier pulses frequently, as indicated by its tightly folded

Since the 1930s, a surge of Agassiz Glacier has not been observed to our

knowledge making this the first a surge has been documented.
surge of 1999 to 2002 was well beyond a minor pulse.

The results show that the

Figure 4.11 shows a comparison

of a June 2001 and a May 2002 ASTER 3-2-1 band images, 15 m-by-15 m pixel size.
The width of a broad shallow proglacial lake of the Agassiz terminus is reduced by more
than 700 m by May 2002.

Fresh crevasses in the debris covered ice-cored moraine

indicate renewed glacier flow.
The west-half of the Seward lobe pulses relatively frequently, whereas the east-half
surges less frequently.

The elevation changes observed on the west-half of the Seward

lobe includes localized increases up to 20 ± 1 m, with an area-averaged rising of 10 ± 1 m.
The east-half of the Seward lobe shows spot elevation decreases to 30 ± 1 m, an
area-average elevation change of 12 ± 1 m.

In this period the east-half of the Seward

lobe, the receiving area of the 1987/88 surge lowered at an area-average rate of 4.1 ± 0.3
m/yr.
From 1972 to 1999 the east-half of the Seward lobe had been lowering at an
area-average rate of 2.0 ± 0.1 m/yr.

The factor-of-two increase in the area-average

lowering rate of the clean ice of the Seward lobe is also seen in the debris covered
ice-cored folded moraines of all three lobes.

The folded moraines show an area-average

lowering rate of 1.2 ± 0.1 m/yr from 1972 to 1999 which accelerated to 2.4 ± 0.3 m/yr
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from 1999 to 2002.

Elevation changes from 1999 to 2002 imply the main direction of

the 2002 surge was toward the SSW.

The increased wastage is very likely tied to

increased late-summer and autumn temperatures [Muskett et al., 2003a; see Levinson and
Waple, 2004].

The late summer firn-line, an indicator of the glacier equilibrium line,

had an average elevation of 1000 m as observed from 1948 to 1954 [Plafker and Miller,
1958].

In a NASA-Terra MODIS image from September 2004, the firn-line was visible

near the Mt. Irvine nunatak, about 1600 m elevation, on upper Seward Glacier.

Winter

(Nov. through March) mean temperatures have been above freezing since about 1979
indicates that melting on the piedmont lobes can occur year-round (Fig. 4.12).
Shaded relief (45 degrees from southeast) representations of both DEMs (Figs. 4.13A,
4.13B) show evidence of subglacial morphology and lineaments expressed in the surface
topography of Malaspina Glacier.

These features were first observed by enhanced

Landsat 1 in 1973, then by SLAR in 1986 and were field surveyed in 1988 [Krimmel and
Meier, 1975; Molnia and Jones, 1989].

Two-kilometer wide channels up to 16 km long,

oriented NNE-SSW, and 0.5 km wide cross-striking channels up to 8 km long, oriented
NNW-SSE, are observed.

The local depressions of the glacier surface over these

channels are about 40 m.

The major subglacial channels, oriented NNE-SSW, are

roughly parallel to the direction of the 1999 to 2002 surge and may tend to facilitate
surges in that direction.

It is less clear whether the minor subglacial channels, oriented

NNW-SSE, tend to facilitate surges, toward the SE. Changes in the surface morphology
on lower Agassiz Glacier (Figs. 4.13C and 4.13D), and on upper Seward lobe (Figs.
4.13E and 4.13F) also indicate the 1999 to 2002 surges, and are consistent with the
elevation changes shown in Figure 4.6B.

The changes include wavy surge ridges and

fold displacement (on Agassiz, Figs. 4.13C and 4.13D); these features also appeared on
Marvine Glacier and on the west half of Seward lobe, along with heavy crevassing on
upper Seward lobe (Figs. 4.9E and 4.9F).

No significant changes in surface morphology

are observed on the east-half of Seward lobe from 1999 to 2002, the receiving area of the
1987/88 surge.

However, the morphology of the east-half has changed from that seen in

1986 by SLAR [same pixel size as the ITI DEM].

The prior fine scale dentritic
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morphology seen by Molnia and Jones [1989] is no longer discernable.

This suggests

that this portion of the glacier bed morphology has a dynamic characteristic on the time
scale of the surge cycle.
Satellite observations by the NASA-Terra ASTER sensor in May 2002 and 2003
show heavy crevassing on Seward Glacier near the Mount Irvine nunatak, indicating
glacier dynamic activity (Fig. 4.14). Much of the crevasse here owe their origin to the
complex velocity field and strain rates associated with the differing flow patterns as
generally fast-flowing ice west of Mount Irvine nunatak meets ice east of Mount Irvine
and that from a tributary [Ford et al., 2003].
Comparison of SAA profiles acquired in June 1995 and 2000 shows the development
of new widely-spaced crevasse fields (June 2000) (Fig. 4.15 A, B).

Heavy crevassing is

seen at the mouth of lower Seward Glacier and the top of Seward lobe (Fig. 4.15B) and
on the west-side profile as it crosses the folded debris covered ice-cored moraine
separating Seward lobe from Agassiz Glacier.
Seward lobe surges were underway.

This is evidence that the Agassiz and

While the surge of the Seward lobe likely began on

the lower Seward, as evidenced by the elevation change increase seen in Figure 4.6, by
June 2000 the surface velocity and strain rates had increased upglacier on upper Seward
as seen in the top-most part of the profile in Figure 4.15B.
The winter of 2003 had the lowest recorded snowfall at Yakutat, Alaska [National
Weather Service, 2003].

Increased elevation, about 20 m on average, on the top of

Seward lobe was observed in March 2003 using ICESat altimeter elevations relative to a
NASA SRTM DEM (C-band) with an adjustment for reference datum, systematic error
and estimated snow depth [Sauber et al., 2005].

An exact repeat profile by the ICESat

altimeter in November 2003 shows a reduction, about 40 m on average, of elevation. The
March 2003 increase of elevation followed by the November 2003 decrease of elevation
relative to the NASA SRTM C-band DEM suggests a combination of effects; 1) residual
increased elevations from the 1999 to 2002 surge followed by 2) decreased elevations
from late summer exacerbated melting due to heavy crevassing.
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4.4

Moraine-Folding Hypothesis

Austin Post hypothesized that Malaspina Glacier’s folded medial moraines are
formed by quasi-periodic surges alternating in direction from SE to SSW [unpublished
manuscript, 1964; see also Post, 1972].

The 3-year elevation changes observed here

show evidence of such a change in surge flow direction during 1999 to 2002, relative to
the direction of the 1987/88 surge.

Figure 4.16 illustrates the progression of moraine

fold development by alternating surge direction on the Seward lobe.
begins with A and ends with E.

The sequence

Arrows indicate sequential surges; first originating in

the mouth of the lower Seward Glacier (A) directed to the southwest, then on the Seward
lobe (B) directed to the southeast, and so on until the last surge of the sequence (E).

The

last panel (F) shows the Seward lobe from a NASA-Terra MODIS image, 9 Sept. 2004,
the outline of Seward lobe (red) and the moraine fold-line (red) that is the same as in the
last of the sequence (E).
Our observations and supporting evidence do not permit unambiguous identification
of the mechanism that causes surges to alternate in direction from SE to SSW and back,
but we suggest it is related to relative changes in surface slope.
surge toward the SE has occurred, as in 1987/88.
have been reduced in that direction.

Suppose, for instance, a

The post-surge surface slope would

The post-surge surface slope toward the SSW

would also have been reduced, due to surge drawdown of upper Malaspina Glacier, but
less so due to absence of surge-induced thickening downglacier in that direction.

Given

renewed elevation reduction in the mouth of Seward Glacier, where the surges originate,
Malaspina Glacier would then have been primed for a new surge toward the SSW, before
it was primed in the SE direction.

Given the mass balance appears to govern the length

of the time interval between surges [Eisen et al., 2001], and increased englacial water
storage appears to trigger surge onset [Lingle and Fatland, 2003], the next surge would
tend to have been toward the SSW, as in 1999 to 2002.
surge, in the future, will tend to be toward the SE.

By the same argument the next

The result is formation of the
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spectacularly folded moraines that characterize both sides of the surface of Malaspina
Glacier.

4.5

Initiation of Near-Concurrent Surges of the Piedmont Glaciers

The surges of the glaciers of the Malaspina piedmont, Agassiz, Seward lobe and
Marvine Glacier occurred in near-concurrence from 1999 to 2002.
that the character of these surges is different for each glacier.

Observations show

The surging of Agassiz

was much stronger than its usual pulsing, whereas the surging of the west half of Seward
lobe appears much less than the 1987/88 surging of the east half and the surging of
Marvine Glacier appears similar to its 1987/88 surge.
The length of the surge cycle for each glacier is independent.

We do not have

observations of Agassiz Glacier surging prior to 1999; hence we can not estimate the
length of its surge cycle.

The 1987/88 surging of the east half of the Seward lobe was

delayed by about half of its prior estimated cycle of 30 years.

Marvine Glacier is known

for its frequent surging of up to a 10-year irregular cycle.
The observed near-concurrence of the surging of three independent glaciers suggests
a common link.

A study of Variegated Glacier suggests the length of the interval

between surges is linked to a pre-surge balance level [Eisen et al., 2001].

A study of

Medvzhiy Glacier also noted a critical mass balance level for the initiation of surging [see
Raymond, 1987].

In another study of Variegated Glacier, Tangborn [2000] suggests that

higher than normal water influx must also occur before initiation of surging. Lingle and
Fatland [2003] hypothesize that as the pre-surge thickness distribution determined by the

mass balance increases, the water storage capacity increases as well.

In the winter

season preceding surging, when the subglacial drainage system is constricted, the
thickness distribution and mass balance must reach their pre-surge level.

A necessary

precondition for surging is for the englacial water storage to be high enough to
overwhelm the subglacial drainage system forcing pervasive failure of the subglacial till
or alternatively widespread and rapid basal sliding.

With these two conditions satisfied,
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a surge will be likely to occur.

However surface meteorological conditions favorable for

increase englacial water storage are far from constant and vary stochastically from year to
year under steady climate conditions.

The important factor is for the glacier to actually

store enough water englacially for the gradual downward migration during the winter to
overwhelm the constricted basal drainage system.

Daily readings from NWS Cordova

and Yakutat show substantially increased coastal precipitation (rainfall) from about
1976/77 to 2000 in August / September and to a greater extent in January [Muskett et al.,
2003a].

The delayed surge of the east half of Seward lobe, expected around 1970 did

not occur until 1987/88.

Agassiz Glacier, which is noted for pulsing, actually was

surging in 1999 to 2002.

The difference DEM, Fig. 4.6A shows elevation increases

consistent with a buildup of thickness from 1972/73 to 1999.
allowed for increased water storage capacity.

The buildup in thickness

The substantial increase of precipitation

since around 1976/77 must be linked to increased water in the englacial water storage
system of each glacier.

The observations and interpretation presented support the

hypothesis that increased englacial storage of water is the key element which can trigger
surge onset when a glacier has attained the pre-surge thickness [Lingle and Fatland,
2003].

The increased englacial water is linked to the increase of precipitation since

1976/77 when the Pacific North Decadal Oscillation assumed the current warm-wet
phase, contrasted to the precious cool-dry phase, consistent with NWS records for all of
Alaska [see Hare and Mantua, 2000; Muskett et al., 2003a; Hartmann and Wendler,
2005; Molnia, 2007].

The increase of winter mean temperatures as recorded by NWS

Cordova and Yakutat indicates that the clean ice of the piedmont lobes can continue
melting through winter.

This, by hypothesis, would lead to an increase in debris to clog

the englacial/basal hydrologic system, allowing for more water storage, and fulfilling the
condition to trigger surging.

107
4.6

The Surge-Cycle Area-Average Elevation Changes on the Malaspina Glacier

System from 1972 to 2002

In June 1995 and June / August 2000, SAA profiling was undertaken along the
flow-band of the Seward lobe of the Malaspina piedmont and the lower and upper
Seward Glacier, in Alaska and Yukon.

Three profiles on the Seward lobe form a

triangular pattern, sub-dividing the lobe into 3 parts, Figure 4.17.

The spring season

1995 to 2000 profiles offer full coverage for estimates of the SAA-to-DEM area-average
elevation changes. The spring profiles are not adjusted for late-season snow accumulation
nor are the USGS / NRCA DEMs adjusted for systematic errors.
estimates are under-estimates.

Therefore, the

The background to the SAA profiles in Figure 4.17 is a

terrain corrected ERS-1/2 mosaic from 1995 SAR acquisitions of the Bering and
Malaspina Glacier systems in Alaska, USA, and Yukon, Canada.

The calibrated and

scaled backscatter corresponds well to glacier facies, dark-orange for the glacier ice
facies and tones of green-blue for the wet snow-firn facies.
SAA-to-DEM area-average elevation change results of the main glaciers of the
Malaspina Glacier system are summarized in Table 4.1.

The USGS and NRCA DEMs

provide for surface elevations in 1972/73 and 1976 respectively.

From 1972 to 1995 the

upper Seward Glacier lost 12.0 ± 3.2 km3, at an area-average rate of -0.6 ± 0.2 m/yr.
Upper Seward from 1972 to 2000 lost 11.0 ± 3.2 km3, at an area-average rate of -0.4 ±
0.1 m/yr.

Lower Seward Glacier from 1972 to 1995 lost 3.1 ± 1.4 km3, at an

area-average rate of -0.5 ± 0.2 m/yr.

From 1972 to 2000 the area-average rate of

elevation change on lower Seward Glacier is unchanged.
The complex surge-flow patterns and expansive area of the Seward lobe presents a
challenge for SAA profiling.

SAA profiles are acquired in a triangular pattern and the

underlying USGS DEM is sub-divided into a center, east and west wedge-shaped areas to
enclose the SAA profile segments.
Seward lobe.

Profiles are not parallel to the flow patterns on the

From 1972 to 1995 the west sub-area of the Seward lobe lost 16.8 ± 1.5

km3, at an area-average rate of -1.3 ± 0.1 m/yr.

The center sub-area of the Seward lobe
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from 1972 to 1995 lost 26.3 ± 1.6 km3, at an area-average rate of -2.0 ± 0.1 m/yr.

The

east sub-area of the Seward lobe from 1972 to 1995 lost 8.5 ± 2.0 km3, at an area-average
rate of -0.9 ± 0.2 m/yr.

Volume losses and area-average rates from 1972 to 2000 are

similar within uncertainty.
Summing the volume loss of the parts of the Malaspina system (Table 4.1) with the
areas (upper Seward, lower Seward and Seward lobe) without tributaries allows for an
estimate of the main flow band area-average elevation change.

From 1972 to 1995 the

Malaspina Glacier main flow band shows a volume loss of 66.7 ± 11.1 km3, at an
area-average rate of -1.0 ± 0.1 m/yr.

From 1972 to 2000, the volume loss is 70.3 ± 11.1

3

km , an area-average rate of -0.9 ± 0.1 m/yr.

The spring-to-spring SAA profiling does

not allow for a clear assessment of increased wastage.
Table 4.2 summarizes results of DEM Difference method estimates of area-average
elevation changes.

Adjustments for estimated winter snow accumulation (SRTMX

DEM) and systematic errors of the USGS and NRCA DEMs have been made.

The

estimates are from 1972/73 (USGS DEM) to 1999 (SRTMX DEM) and from 1999 to
2002 (ITI Malaspina DEM).

The estimate on the west-half of Seward Glacier in Yukon

Territory (upper Seward) is from 1976 (NRCA DEM) to 2000 (ITI Bagley Ice Valley
DEM).

From 1976 to 2000 upper Seward lost 7.0 ± 0.4 km3 at an area-average rate of

-0.5 ± 0.1 m/yr.

From 1972/76 to 1999 the main flow-band and lateral tributaries

starting from the south-point of the Mount Irvine nunatak including the lower Seward and
the Seward lobe of the Malaspina piedmont lost 79.6 ± 8.3 km3 at an area-average rate of
-1.8 ± 0.2 m/yr.

From 1972 to 1999 Agassiz Glacier lost 17.5 ± 2.4 km3 at an

area-average rate of -1.1 ± 0.1 m/yr.

In the same period Marvine Glacier lost 12.7 ± 0.7

km3 at an area-average rate of -2.1 ± 0.1 m/yr.
area-average rate of -1.4 ± 0.1 m/yr.

Hayden Glacier lost 2.2 ± 0.2 km3 at an

The folded debris covered ice-cored moraines lost

18.9 ± 0.1 km3 at an area-average rate of -1.2 ± 0.2 m/yr from 1972 to 1999.
The lower part of Table 4.2 gives the estimates of the main lobes of the Malaspina
Glacier system, with the lower Seward combined with the Seward lobe, from 1999 to
2002.

The combined Seward lobe and lower Seward Glacier lost 3.3 ± 0.9 km3 at an
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area-average rate of -1.0 ± 0.3 m/yr.

Agassiz Glacier lost 1.5 ± 0.4 km3 at an

area-average rate of -1.0 ± 0.3 m/yr.

Marvine Glacier lost 0.5 ± 0.1 km3 at an

area-average rate of -1.1 ± 0.3 m/yr.

The folded debris covered ice-cored moraines lost

3

4.3 ± 0.5 km at an area-average rate of -2.4 ± 0.3 m/yr from 1999 to 2002.
Combining the volume change estimates and areas in the periods of DEM coverage
shows that from 1972 to 1999 the Malaspina Glacier system lost 137.9 ± 14.6 km3 at an
area-average rate of -1.4 ± 0.1 m/yr.

From 1999 to 2002, not including the west-half of

Seward Glacier in Yukon Territory or Hayden Glacier, the Malaspina Glacier system lost
12.3 ± 1.9 km3 at an area-average rate of -1.8 ± 0.1 m/yr, a 30% increase in lowering.

4.7

The Effects of Surges on the Area-Average Elevation Changes on the

Malaspina Piedmont from 1972 to 2002

Figure 4.18 compares area-average rates (per elevation band) of elevation change on
the clean ice and debris covered ice-cored folded moraines over the piedmont lobes and
over the lower accumulation areas.

Figure 4.18A shows that in 1999 the upper reaches

of Agassiz Glacier had elevation increases up to 50 ± 1 m, while the lower reaches had
elevation decreases by as much as 150 ± 1 m relative to 1972.

Similarly, elevation

increases are observed in the mouth of lower Seward Glacier and on the upper reaches of
Marvine Glacier, accompanied by downglacier elevation decreases.

These changes are

derived from the differencing the co-registered SRTMX and USGS DEM, after
adjustments to a common datum, systematic error and estimated winter snow depth.
Figure 4.18B shows that in 2002, the upper Agassiz Glacier lowered by up to 40 ± 1
m, while rising by as much as 100 ± 1 m occurred near the terminus, relative to 1999.
The terminus advanced by up to 1.6 km. Similarly, thinning occurred in the mouth of
lower Seward Glacier and on upper Marvine Glacier, while rising occurred on the Seward
lobe of Malaspina, SSW from the mouth of lower Seward Glacier, and near the terminus
of Marvine Glacier.

These are signatures of surge dynamics observed in the elevation
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differences of the co-registered InSAR DEMs on a common datum with adjustments for
estimated systematic error and winter snow depth.
An expression of the surge dynamics on the clean ice and debris covered ice-cored
moraines across the piedmont lobes and parts of the accumulation areas is shown in
Figure 4.18A, the 1972 to 1999, and 4.18B, the 1999 to 2002.

The step functions A and

B show the water equivalent volume change per unit area rate per 200 m elevation
interval from 50 m to 1250 m (A) and from 50 m to 1450 m (B).

In Figure 4.18A the

clean ice near the top of the piedmont lobes, 450 m to 650 m elevation, shows a volume
change per unit area rate of -0.6 ± 0.2 m/yr.

The debris covered ice-cored moraine in

this elevation band shows a small volume change per unit area rate of 0.3 ± 0.2 m/yr.
This result is a feature of the Seward surge, having pushed forward and up the
upper-most debris covered ice-cored moraine between Agassiz and the west side of the
Seward lobe.

This suggests that the Seward surge began in the spring of 1999 and was

detectable at the time of the NASA SRTM overpasses in February 2000.
Details of the surge dynamics on the clean ice can be seen by comparison of the lower
accumulation area-elevation bands, 650 m to 1250 m, to that of the upper piedmont lobe
bands, 450 m to 650 m elevation (Fig. 4.18A, B).

The lower accumulation area bands in

Figure 4.18A show small volume change per unit area rates from 1972 to 1999.

The

same altitude bands in Figure 4.18B show large negative volume change per unit area rate
in 1999 to 2002.

In opposite sense, the upper piedmont lobe bands in Figure 4.18A

show substantially negative volume change per unit area rate in 1972 to 1999.

This

contrasts to strong positive volume change per unit area rate in 1999 to 2002 for the same
altitude bands in Figure 4.18B.

These results suggest that the surge reservoirs were

located in the lower accumulation areas with the surge receiving areas being in the
middle-to-upper piedmont lobes.

The surge of Agassiz reached the terminus by August

2002 as shown by comparison of ASTER imagery but is not well represented in Figure
4.18B due to the substantial lowering of the Seward lobe in this altitude band.
Figure 4.19 shows histograms of elevation change of the clean ice of the Seward lobe
in 1972 to 1999 (Fig. 4.19A), in 1999 to 2002 (Fig. 4.19B).

From 1972 to 1999 the
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Seward lobe has an area-average lowering rate of 1.5 ± 0.2 m/yr (Fig. 4.19A).
histogram has one mode which coincides with the lobe area-average rate.
2002, the histogram of elevation change is bimodal.

The

In 1999 to

In this period the Seward lobe has

an area-average lowering rate of 2.3 ± 0.3 m/yr lowering, asymmetrically positioned
between the positive and negative modes.

The west-half of the lobe, the receiving area

of the 1999 to 2002 surge has an area-average rising rate of 3.4 ± 0.3 m/yr which
coincides with the positive mode of the histogram. The east-half of the Seward lobe in
this period, which had been the receiving area of the 1987/88 surge, has an area-average
rate lowering of 4.1 ± 0.3 m/yr which coincides with the negative mode of the histogram.
The bi-modality of the 1999 to 2002 elevation change histogram is a noticeable result
from surge dynamics.
The volume change per unit area rates of the debris covered ice-cored moraines are
largely a function of surge dynamics as well.

Typical stagnant debris covered ice-cored

moraines, like those of the temperate non-surge glaciers of the North Cascades,
Washington, have rates of wastage one half to about three fourths that of the clean glacier
ice [Pelto, 2000].

During the 1999 to 2002 surges, the west moraines, those between

Agassiz and the Seward lobe have an area-average thinning rate of 1.7 ± 0.3 m/yr.

The

tightly folded moraines fronting the Seward lobe have an area-average thinning rate of
1.8 ± 0.3 m/yr.

The east moraines, those between the Seward lobe and the Marvine

Glacier have an area-average thinning rate of 3.0 ± 0.3 m/yr.

Thus the area-average

thinning rate of the debris covered ice-cored moraine on the east-side of the Seward lobe
is about two thirds to that of the clean ice of the east-half of the Seward lobe.

The rapid

wastage of the folded ice-cored moraines is no doubt contributing to increase freshening
of the Gulf of Alaska as a consequence of climate warming and surge dynamics.

The

large volume loss of the Malaspina Glacier system is a substantial contribution to global
sea-level rise, in comparison to rates estimated by tide gages and satellite [see Nerem et
al., 2006].
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4.8

Conclusions

Near-concurrent surges during 1999 to 2002 of Agassiz, Seward lobe and Marvine
Glacier of the Malaspina Glacier system are indicated by upglacier elevation increases on
Agassiz and Marvine, and in the mouth of lower Seward Glacier, during the 27-year
period from 1972 to 1999, accompanied by downglacier elevation decreases during this
period, followed by substantial upglacier elevation decreases and downglacier elevation
increases on these three glaciers during 1999 to 2002.

This conclusion is supported by

feature displacements observed during 1999 to 2002 on Agassiz Glacier (Figs. 4.13C,
4.13D), by new crevassing and increased surface bulging on upper Seward lobe (Figs.
4.13E, 4.13F) and, in addition, by airborne SAA profiles (Fig. 4.15), visual observations
of Marvine Glacier in 2000 [by K. Echelmeyer] and Agassiz Glacier in 2002 [by C.
Lingle], and by ASTER imagery from June 2001 and May 2002 (Fig. 4.11).
The observations provide supporting evidence for the hypothesis of A. Post
[unpublished manuscript] that the large, spectacularly folded medial moraines of
Malaspina Glacier are formed by downglacier displacement and folding of the medial
moraines that originate in the tributaries of lower Seward Glacier, and that the surges that
form these folded moraines alternate in direction from SE, as in 1987/88, to SSW as
indicated by the elevation change distribution caused by the 1999 to 2002 surge of the
Seward lobe (Fig. 4.6).
We suggest that the mechanism causing successive surges to alternate in direction is
surge-induced changes in surface slope on the broad Seward lobe of Malaspina Glacier,
on which the flow is not confined between valley walls.

For instance, a surge toward

the SE, as in 1987/88, would leave a post-surge reduced surface slope in that direction,
accompanied by a relatively higher surface slope toward the SSW.

The Seward lobe

would thus have been primed for its next surge toward the SSW, as observed here during
1999 to 2002, before being primed for another surge toward the SE.
During the surge cycle of the Malaspina Glacier system from 1972 to 1999 and 1999
to 2002, the area-average elevation change shows temporal and spatial non-uniformity.
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The non-uniformity of the area-average elevation change of the Seward lobe in particular
shows behavior from one dominant mode in years from 1972 to 1999 to bimodality in
years from 1999 to 2002.

The bimodality of the area-average elevation changes in 1999

to 2002 coincides spatially and temporally with the surge cycle of the Seward lobe.
The area-average rate of lowering of the debris covered ice-cored folded medial
moraines of the Seward lobe show a high degree of temporal and spatial non-uniformity.
In the interval from 1999 to 2002, the debris covered ice-cored folded medial moraines
on the west side and fronting the Seward lobe show area-average thinning rates of 1.7 ±
0.3 m/yr and 1.8 ± 0.3 m/yr respectively whereas those on the east side show an
area-average thinning rate of 3.0 ± 0.3 m/yr.

The area-average rate of elevation change

of the entire area of debris covered ice-cored folded moraines is -1.2 ± 0.2 m/yr from
1972 to 1999.

From 1999 to 2002 the area-average rate of elevation change accelerated

to -2.4 ± 0.3 m.

The rapid wastage of these large folded moraines indicates additional

contributions of freshwater to the Gulf of Alaska contributing to global sea-level rise.
The estimated net mass balance during 1972 to 2002 was -1.4 ± 0.1 m/yr.
3

2

glacier volume loss of 150 ± 15.0 km over an area of 3661 km .

This is a

In two other

independent studies Lingle et al. [1999] estimated the main trunk of the Malaspina
Glacier system (lower-upper Seward Glacier and the Seward lobe) area-average elevation
change rate to be -1.0 ± 0.2 m/yr from 1972 to 1995 and Tangborn et al. [2000] using
4-times daily precipitation and temperature records from Cordova and Yakutat National
Weather Service stations and the glacier mass balance model [see Tangborn, 1999] in the
interval from 1918 to 1999 estimated the system net balance rate to be -1.1 ± 0.1 m/yr
water equivalent.

This indicates the increasing negativity of the mass balance of the

Malaspina Glacier system.

I note that my estimated area-average elevation change on

the east-half of the Seward lobe during 1999 to 2002 was -4.1 ± 0.3 m/yr; a substantial
increase following the 1987/88 surge.

This contrasts to the estimated area-averaged

rising of the west-half of the Seward lobe, the receiving area of the 1999 to 2002 surge,
which was 3.4 ± 0.3 m/yr.

During 2002 to 2005, elevation changes show lowering of

14.3 ± 5.8 m on the frontal Seward lobe.
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The strong elevation lowering of 5.9 ± 0.6 m from 2000 to 2003 on the upper Seward
Glacier near the ice divide with Bagley Ice Valley is due to the 1999 to 2002 surge of
lower Seward Glacier.

Small-aircraft-altimetry profiles of the main Seward trunk of the

Malaspina Glacier system in June 2000 show heavy crevassing on the west-half of the
Seward lobe, lower Seward Glacier and upper Seward Glacier contrast to the June 1995
profiles which are devoid of heavy crevassing.

The upper Seward Glacier in September

2000 likewise had abundant crevassing which propagated into the lateral tributary
glaciers on the southern slope of Mount Logan and on the tributary glaciers on the
northern slopes of the St. Elias Mountains.

The reduction of elevation lowering from

2000 to 2005, 4.7 ± 0.8 m, indicates that from 2003 to 2005 the upper Seward Glacier is
beginning a recovery of mass since the end of the 1999 to 2002 surge of lower Seward
Glacier.
The near-concurrent surges of the Seward lobe, Agassiz and Marvine Glacier, whose
surge-cycles are independent, suggests a common link.

From 1976/77 to 2000 coastal

precipitation (rainfall) in August / September and particularly in January is substantially
increased [Muskett et al., 2003a].
since 1979.

Winter mean temperatures have been above freezing

The occurrence of the surges support the hypothesis that increased englacial

water storage is the key element which can trigger surge onset when the glacier thickness
reaches a pre-surge level [Lingle and Fatland, 2003].

Since the 1976/77 shift of the

North Pacific Decadal Oscillation to the positive warm-wet phase where rainfall has
increased year-round, there is the potential that the englacial-basal water storage of the
Malaspina Glacier system is greater than in the preceding cool-dry phase [see Hare and
Mantua, 2000; Muskett et al., 2003a; see Hartmann and Wendler, 2005; see Molnia,

2007].

This is likely the key factor in the occurrence of the near-concurrent surges of

the piedmont glaciers of the Malaspina Glacier system.
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volume change and areas of parts of upper Seward in Yukon, estimated using the ITI Bagley Ice Valley DEM (which covers
the west half of Seward Glacier) and the DEMs from Natural Resources Canada – Center for Topographic Information have
air-photos dates from July 1976. Symbols are as in Table 1.
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Figure 4.1

The Malaspina Glacier system, Alaska, USA, and Yukon, Canada, 11 Aug.

2003, NASA Aqua-MODIS image.

The glaciers comprising the Malaspina piedmont

are Agassiz, Seward lobe and Marvine.

Lower Seward is the connecting glacier

between the upper Seward Glacier in Yukon and the Malaspina piedmont.
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Figure 4.3
Canada.

The ITI DEM of the Malaspina Glacier system in Alaska, USA, and Yukon,
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Figure 4.5

Oblique air photos of the 1987/88 Malaspina surge of the east side of

Seward lobe [A. Post]. A and B, east half of Seward lobe, an Marvine Glacier (4.5B,
right side) show Heavy crevassing of the surface, also evident in photos 4.5C-F.
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Figure 4.5 continued.

Oblique air photos of the 1987/88 Malaspina surge, continued.

C shows a view of lower Seward Glacier mouth.
surge.

D shows a view of Marvine Glacier
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Figure 4.5 continued.

Oblique air photos of 1987/88 Malaspina surge, continued.

shows terminus advance, west of Malaspina Lake.
Malaspina Lake.

E

F show terminus advance into
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Figure 4.6

Difference DEMs of the Malaspina Glacier system showing surges.

Portions of lower Seward and Agassiz in Yukon (Newton Glacier) are included.
Elevation changes during the 27-year interval from late summer 1972 to Sept. 1999 are
shown in panel A.

The 3-year interval elevation changes from Sept. 1999 to August

2002 are shown in panel B.

Arrows indicate maximum elevation changes.

Elevation

changes on upper Seward Glacier in Yukon during the 24-year interval from late summer
1976 to late summer 2000 are shown in panel C.
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Figure 4.7

ITI Bagley Ice Valley and upper Seward Glacier DEM showing

laser altimetry (white lines).

ICESat

Glacier features such as the ice divide with Bagley Ice

Valley, west side at contour convergence and crevasse fields are visible in the InSAR
DEM.
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Figure 4.8
Canada.

ICESat minus ITI DEM elevation changes, upper Seward Glacier, Yukon,

Laser acquisitions (Laser 2A – L2A, Laser 2B – L2B and Laser 3A – L3A),

track numbers, dates of acquisition and crossing elevations are given.

Abbreviations are

for Bagley Ice Valley (BIV), Seward Glacier (SG) and Gulf of Alaska (GoA, estimated by
differencing with the SRTMX DEM with adjustments). Mean and standard deviation
elevation differences are given.

Elevation differences on the Gulf of Alaska indicate

current-wind driven dynamic topography at the times of acquisition.
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Figure 4.9

ICESat altimetry tracks crossing Malaspina Glacier system, ITI Malaspina

InSAR DEM.
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Figure 4.10

ICESat minus ITI Malaspina DEM, along-track elevation changes.

Parts

of the track changes are colored with their corresponding mean and standard deviation.
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Figure 4.11

Advance of the Agassiz Glacier terminus, 2001 to 2002.

images: A.) June 2001, B.) May 2002.

ASTER

By May 2002 the terminus position had

advanced up to 700 m, reducing the width of a proglacial lake.

Fresh crevasses in the

debris covered ice-cored folded moraine on the south indicate surge flow.

138

Figure 4.12

Winter (Nov. through March) mean temperatures from NWS Cordova and

Yakutat (daily readings of both stations combined) from 1950 through 2001 (from W.
Tangborn).

Since 1979 the winter mean temperatures across south-central Alaska have

been above freezing.
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Figure 4.13

Shaded relief views of Malaspina Glacier showing effects of surges.

STRM DLR DEM (left, A, C, E) and the ITI DEM (right, B, D, E).
morphological features are noted in C, D, E, and F.
displaced downglacier 1.6 km in D.

Surge-generated

The feature in C (arrow) is

The “wavy ridges” near the terminus of Agassiz

Glacier (D) have local relief up to 40 m. New crevasse fields and increased surface
bulging on the upper Seward lobe, relative to panel E, are shown in panel F.
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Figure 4.15

SAA profiles on Malaspina Glacier system, 1995 A and 2000 B.

Development of new crevasse fields is evident by the “drop-down” points in the profiles
of B (similar to those seen on Bering Glacier and Bagley Ice Valley in June 1995).
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Figure 4.16

Development of folded moraines on Seward lobe, sequence A through E,

by alternating surge directions (arrows).
acquired 9 Sept. 2004 for reference.

Panel F shows a NASA-Terra MODIS image
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Figure 4.18

Surface changes on clean ice vs. debris covered ice-cored moraines across

all piedmont lobes and accumulation areas in the difference DEMs, 1972 to 1999 (A) and
1999 to 2002 (B).

Small bars indicate uncertainty.
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Figure 4.19

Histograms of the elevation changes, Seward lobe from 1972 to1999 (A),

and from 1999 to 2002 (B) over the elevation range from 50 to 650 m. are shown.

In A

the area-average rate (-1.5 ± 0.2 m/yr) of the Seward lobe coincides with the mode of the
histogram.

In 1999 to 2002, the surge of the west half of the Seward lobe re-organized

the single mode histogram in A to the bimodal histogram in B.

The east half

area-average rate (-4.1 ± 0.3 m/yr) coincides with the negative mode and the west half
area-average rate (3.4 ± 0.3 m/yr) coincides with the positive mode.
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Chapter 5

Acceleration of Surface Lowering on the Tidewater Glaciers of Icy Bay, Alaska,
U.S.A., from InSAR DEMs and ICESat Altimetry13

Abstract.

Much of the increasing rate of glacier wastage observed during the late 20th

century is attributed to retreat and thinning of tidewater glaciers grounded below sea level
in fiords.

We estimate the area-average, i.e. the integrated volume change over glacier

area, elevation changes on Guyot, Yahtse and Tyndall Glaciers, Icy Bay, Alaska.

Our

results indicate that from 1948 to 1999, the accumulation area of Guyot Glacier above
1220 m elevation lowered at an area-average rate of 0.7 ± 0.1 m/yr.

The accumulation

area of Yahtse Glacier, above 1220 m elevation lowered from 1972 to 2000 at an
area-average rate of 0.9 ± 0.1 m/yr.

On a same-area basis, Tyndall Glacier lowered from

1972 to 1999 at an area-average rate of 1.4 ± 0.2 m/yr; then accelerated substantially to
2.8 ± 0.2 m/yr from 1999 to 2002.

From 2000 to 2003 the accumulation area of Yahtse

Glacier lowered at 1.5 ± 0.3 m/yr, on average.

The drawdown of these accumulation

areas have occurred while snow accumulation at 5000+ m on Mt. Logan, Canada, has
shown a strong increase from 1976 to 2000.

Concurrently, coastal winter mean

temperatures at Cordova and Yakutat, south-central Alaska, have increased to above
freezing since about 1979.

Retreat and surface lowering of the Icy Bay glaciers is

attributed to tidewater glacier dynamics with climate warming effects superimposed.

13

Muskett, R.R., C.S. Lingle, J.M. Sauber, B.T. Rabus and W.V. Tangborn. Acceleration of Surface
Lowering on the Tidewater Glaciers of Icy Bay, Alaska, from InSAR DEMs and ICESat Altimetry. To be
published in Earth and Planetary Science Letters, 2007.
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5.1

Introduction

There are indications of increased wastage of non-polar and alpine glaciers during the
decades since the mid-1970s relative to observations from the first-half of the 20th
century [Dyurgerov and Meier, 2000; Arendt et al., 2002, 2006].
rising sea level from increased glacier wastage is significant.

The contribution to

Much of this contribution

is from rapidly disintegrating tidewater glaciers grounded below sea level in fiords
[Meier and Post, 1987; Arendt et al., 2006].
The tidewater Guyot, Yahtse and Tyndall Glaciers of Icy Bay, with the Bering and
Malaspina Glaciers (Fig. 5.1), and other connected glaciers and icefields of the St. Elias,
Wrangell, and Chugach Mountains compose the largest glacierized region in continental
North America [Molnia, 2007]. We estimate the area-average elevation changes, i.e.
volume change divided by glacier area [Meier, 1962], of the tidewater glaciers of Icy Bay
using airborne and spaceborne single-pass high-resolution X-band interferometric
synthetic aperture radar (InSAR) and U.S. Geological Survey (USGS) digital elevation
models (DEMs).

More recent mean elevation changes are estimated using the Ice,

Cloud and land Elevation Satellite (ICESat) laser altimetry.
data are transformed to a common datum.

The DEMs and altimeter

Adjustments are made for estimated snow

accumulation at the times of acquisition and estimated systematic errors.

5.2 Data Sources, Datum Transformations and Accuracy Validations

5.2.1

Intermap Technologies, Inc., Airborne InSAR DEMs

The airborne InSAR DEMs used in this study were acquired and produced by
Intermap Technologies, Inc., using their Learjet Star-3i system (X-band, 9.6 GHz, HH
polarization).

These cover Bagley Ice Valley (4 to 13 Sept. 2000 acquisition) and the

Malaspina Glacier system (3 to 4 Aug. 2002 acquisition) in Alaska, and Yukon, Canada.
Figure 5.2 shows the Bagley Ice Valley DEM.
of each is 3 m.

The nominal root mean square accuracy

They were bilinear-sampled onto a 30-meter grid (pixel size) consistent
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with the 30 m elevation postings of the spaceborne DEM (described below); both are
projected in a Universal Transverse Mercator (UTM) system with a World Geodetic
System 1984 (WGS-84) ellipsoid datum.

Accurate geolocation was determined by

onboard Global Positioning System (GPS) receivers via kinematic differential GPS, and
GPS-located corner reflectors in the areas of data acquisition for error control [Intermap
Tech., 2006].

The vertical accuracy of the Bagley Ice Valley DEM was verified with a comparison
to a small-aircraft altimetry profile near-center flow line acquired on 26 August 2000
[Muskett et al., 2002].

The profile was acquired along Bagley Ice Valley near Table

Mountain nunatak (141.05o W, 60.4o N at 2010 m elevation) to near Juniper Island nuntak
(142.4o W, 60.5o N at 1120 m elevation).

The comparison on a same-datum basis with

adjustment for estimated snow accumulation showed a vertical mean difference of -1.3 ±
0.9 m (Bagley Ice Valley DEM lower).

This difference is likely an expression of the

X-band radar penetration depth along Bagley Ice Valley at the time of the Intermap
airborne survey.
The glaciers we investigate are well below elevations of the dry-snow facies [Benson
et al., 1996; Li et al., 1999; Partington, 1998].

sensitive to grain-boundary water content.

Radar penetration depth is highly

Grain-boundary water content as low as 2%

can reduce radar penetration depth by an order of magnitude relative to the dry
grain-boundary condition [Partington, 1998].

Snow pits on Seward Glacier for instance,

west of Mount Vancouver at about 1830 m elevation, show abundant ice lenses,
indicating the presence of free-water that percolated from the surface and froze at depth
[Sharp, 1951].

5.2.2

NASA InSAR DEMs

The

spaceborne

InSAR

DEM

is

from

the

joint

NASA

–

National

Geospatial-Intelligence Agency (NGA) – Deutsches Zentrum für Luft- und Raumfahrt
(DLR) Shuttle Radar Topography Mission (SRTM), acquired from February 11 to 22,
2000.

The data for this DEM was derived by the X-band SAR [X-SAR] subsystem, and
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processes at the DLR [Geudtner et al., 2002; Hoffman et al., 2006; Kiel et al., 2006;
Rodriguez et al., 2006]. This DEM covers about 51,000 km2 of south-central Alaska,

U.S.A, and and Yukon, Canada.

The portion covering Icy Bay is shown in Figure 5.2.

Calibration of the X-SAR instrument was provided through a composite “synthetic”
altimetry model that incorporated in-orbit radar altimetry measurements [Helm et al.,
2002].

Accurate geolocation was maintained by onboard GPS receivers via kinematic

differential GPS with a world-wide network of ground-control stations (NASA and NGA)
consistent with the International Terrestrial Reference Frame 1996 [Rodriguez et al.,
2005; National Imagery and Mapping Agency, 2000].
datum of the DEM is the WGS-84 ellipsoid.

The vertical and horizontal

The nominal vertical accuracy of the DEM

is 6 m relative and 16 m absolute; the nominal horizontal accuracy is 15 m relative and
20 m absolute at the 90% confidence level.
The vertical accuracy of the DEM (adjusted for winter snow accumulation, see
below) was verified by comparison to the Intermap Malaspina DEM on the
non-glacierized Malaspina foreland.

The comparison showed the DEM has a vertical

mean bias of 3.5 ± 2.9 m (SRTM X-band DEM higher).

A further comparison of

elevations on the foreland and on non-glacierized terrain ranging to 3000+ m elevation,
south-facing ridges, in the St. Elias Mountains showed a vertical mean bias of 3.4 ± 3.2 m
(Shuttle X-band DEM higher).

This comparison also confirms the winter snow

accumulation adjustment applied to the DEM, see section 5.2.5.
We further employ the SRTM C-band DEM (version 1, 1-arc second) produced by the
NASA Jet Propulsion Laboratory for comparison and testing.

The vertical datum of the

SRTM C-band DEM is the Earth Gravity Model 1996 geoid [Smith and Roman, 2001].
To adjust this DEM’s elevations to the WGS-84 ellipsoid heights, we use a FORTRAN 77
program and a 360-by-360 spherical harmonic coefficients file from NGA.
The vertical datum of the InSAR DEMs, for comparison to the USGS DEMs, is
transformed to GEOID99-Alaska, a modern one-arc-minute geoid model developed by
the National Geodetic Survey [USGS, 1990].

GEOID99-Alaska is the best current

representation of the geoid (i.e., mean sea level) around Alaska.
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Digital masks of the glacier areas were extracted from the DEMs using co-registered
georeferenced ERS-1/2 SAR backscatter mosaics and slope models of the DEMs.

SAR

backscatter provides an effective means of detecting changes in glacier ice, debris
covered ice, snow-facies and non-glacierized materials [Partington, 1998].

We

estimated random errors using the nominal accuracy of the DEMs with the error
propagation equation and the glacier areas rendered as elevation distributions.

5.2.3

USGS DEMs

The USGS DEMs were derived from scanning the 1:63,360 map contours that were
derived from air photos acquired in late summers of 1948, 1957, and 1972/73 [USGS,
1990].

They use the National Geodetic Vertical Datum of 1929 as the vertical datum

and the North America Datum of 1927 horizontal datum.

The horizontal datum consists

of a triangulation benchmark control network and the Clarke 1866 ellipsoid.

Likewise,

the vertical datum uses an independent leveling benchmark control network, the Clarke
1866 ellipsoid and 15 tide stations for vertical adjustment [Zilkoski, 2001].

The USGS

DEMs are horizontally re-projected in the UTM WGS-84 datum, bilinear-sampled to
30-meter elevation postings, for consistency with the InSAR DEMs, and planimetrically
co-registered to the latter.

The nominal vertical accuracy of the USGS DEMs is ±15 m

(roughly half the contour interval of the original topography map sources) [USGS, 1990].
The USGS DEMs have systematic errors caused by insufficient vertical control (a
systematic vertical bias) and in relatively featureless areas above the snow lines “contour
floating,” i.e. exaggerations of the contour shape. These are estimated and applied as
adjustments [Muskett et al., 2003].

The vertical biases of the USGS DEMs relative to

the airborne and spaceborne InSAR DEMs were estimated from comparisons on the
non-glacierized Malaspina foreland, the Juniper Island nunatak (InSAR ITI Bagley Ice
Valley DEM), and on the foreland of the Robinson Mountains (Fig. 1).

These vertical

biases range from a mean of 0 ± 10 m on the west side of the Malaspina foreland to 4.5 ±
8.8 m west of Icy Cape and up to 9.4 ± 27.8 m on Juniper Island nunatak at ~ 1100 m
elevation (Table 5.1).
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5.2.4

Spaceborne Laser Altimetry

Spaceborne laser altimetry from the Ice, Cloud & land Elevation Satellite (ICESat)
mission, acquired in October to mid-November of 2003 and 2004, are compared with the
InSAR DEMs to obtain short-term mean elevation changes along the ground tracks
crossing Guyot and Yahtse Glaciers.

Figure 5.2 shows the ICESat ground tracks plotted

on the mosaicked Intermap Bagley Ice Valley (top) and SRTM X-band (lower) DEMs.
The ICESat lasers transmit and receive coherent light pulses at 532 nm and 1064 nm
[Schutz et al., 2005].

The ICESat footprints are approximately 70 m in diameter; the

along-track spacing is 172 m.
highest quality level.

The processing of the ICESat altimetry used is at the

We transformed the ICESat altimetry datum from the

TOPEX/Poseidon ellipsoid to the WGS-84 ellipsoid. The along-track glacier elevations
were adjusted for snow accumulation between late summer and the times of the ICESat
overpasses, see below.

Vertical biases between the ICESat-derived elevations and (i) the

airborne InSAR (Malaspina) DEM and (ii) the spaceborne InSAR DEM elevations were
estimated from comparisons of the ICESat and InSAR DEM elevations at the same
locations on the non-glacierized Malaspina foreland [Table 5.1].

ICESat-derived

elevations compare well to the SRTM X-band DEM (snow accumulation adjusted, see
section 5.2.5); the vertical mean bias is 0.05 ± 3.01 m.

However, ICESat-derived, as

well as SRTM X-band DEM elevations, show a vertical mean bias of 3.4 ± 3.2 m relative
to the Intermap Malaspina DEM (ICESat and SRTM X-band DEM elevations higher) on
the Malaspina foreland.

The vertical mean bias of the SRTM C-band relative to the

X-band DEMs using ICESat-derived positions as horizontal reference on low-slope
sparsely vegetated foreland is 4.4 ± 3.7 m (SRTM C-band DEM higher).
Figure 5.3 shows difference profiles of ICESat (orbit 0416) elevations minus SRTM
C-band DEM elevations (red) and ICESat elevations minus SRTM X-band DEM
elevations (blue).

Differences are small on the Gulf of Alaska and show C-band DEM

elevations below X-band DEM elevations.

On low- to moderate-slope, low- to

moderate elevation low-vegetation to forested terrain, the C-band DEM elevations are
higher than the X-band DEM elevations.

Some large elevation differences (outliers) on
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high-slopes are apparent.

On low-slope high-elevation wet facies snowfields (Yahtse

Glacier) elevation differences show C-band DEM elevations below the X-band DEM
elevations and their magnitude approachs the zero-difference line.

From sea level to the

highest-elevations sampled there is no systematic increase in elevation bias of C or
X-band DEM relative to the ICESat elevations on a same-datum ellipsoid comparison.
Similar vertical biases of SRTM C-band DEM elevations relative to kinematic GPS or
ICESat elevations have been found in other investigations [Rodriguez et al., 2005;
Carabajal and Harding, 2006].

5.2.5

Estimates of Seasonal Snow Accumulation for Elevation Adjustment

Heavy winter snow accumulation occurs throughout the eastern Chugach and Saint
Elias Mountains [NWS, 1973, 2006].
water equivalent can occur.
at

Yakutat

and

At high-elevations, more than 2.0 m per year

Mean snow accumulation measured during February 2000

Cordova

was

0.28

m

and

0.33

m

respectively.

The

Precipitation-Temperature-Area-Altitude glacier mass balance model [Tangborn, 1999]
uses the area-altitude distribution, derived from a DEM in 30 m elevation bins, of a
glacier of interest and daily temperature and precipitation records from low-altitude
meteorological stations (National Weather Service Cordova and Yakutat stations in this
case) located in the same region for input data14.

The model estimates daily snow

accumulation in water equivalent as a function of elevation on the glacier.

It also

estimates daily ablation, in water equivalents and other glaciological and environmental
parameters.

It was validated using small-aircraft laser altimetry acquired in springs of

1995 and 2000 along Bagley Ice Valley.
changes agree at 10 to 25%.

Modeled vs. measured surface elevation

In-situ surface snow densities reported by Sharp [1951,

1958] and Alford [1967], along with an estimate of winter surface snow density [Zwally
and Li, 2002] are used to convert the elevation-dependent model accumulations from

water equivalents to snow depths.

The seasonal snow accumulation is needed to adjust

the SRTM-derived elevations acquired in February 2000 (the time of the SRTM) back to
14

note added; see Thesis Appendix 2.
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late-summer 1999 to be consistent with the late-summer acquisition times of the Intermap
and USGS DEMs.

The estimated snow accumulation, in 30 m-interval elevation bins

from 15 m to 2445 m, from Sept. 1, 1999 to Feb. 22, 2000 ranged from 1.05 m to 8.17 m.
The distribution is fitted with a third-order polynomial and lastly adjusted for the offset
(0.30 m) to match the mean Yakutat and Cordova snow depth in the 0 to 30 m elevation
bin (Fig. 5.4).
ICESat-derived elevations are similarly adjusted for snow accumulation at the
overpass times.

The adjustments reduce the elevations back to the estimated September

1, 2003 and 2004 late-summer elevations, respectively.

5.3

Retreat of Calving Termini

Since the early 1900s, the tidewater glaciers of Icy Bay have been in the retreat-phase
of the calving cycle [Barclay et al., 2006].

By 1957, the air photo date of the USGS

Bering Glacier A-2, Alaska, 1:63,360 quadrangle, the calving termini of the Icy Bay
Glaciers had retreated about 26 km [Winkler, 2000].

From 1957 to 2000 the individual

glacier retreat rates are roughly 490 m/yr (18 km, Guyot and Tyndall Glaciers [notes from
A. Post, 2007, on Tyndall Glacier terminus]) and 410 m/yr (11 km, Yahtse Glacier).
average retreat rate during this time period is thus about 463 m/yr.

The

In the area of Guyot

and Yahtse Glacier marked by the 1957 combined terminus, USGS DEM, to the 2000
termini, SRMT X-band DEM, we estimated the volume loss at 16.73 ± 0.35 km3,
reducing at a rate of 5.7 ± 0.1 m/yr.
Grounded tidewater glaciers as well as land-terminating glaciers experience seasonal
and diurnal variations in speed (sliding) and terminus position [Krimmel and Vaughn,
1987; Meier and Post, 1987; O’Neel et al., 2001; Viele et al., 2002; Trabant et al., 2003;
Sugiyama et al., 2003; Anderson et al., 2004].

Variations of grounded tidewater glaciers

closely correspond to feedbacks of the glacier’s mechanical properties (including
deformation of the till layer) with changes in the basal hydrology system from seasonal
water input by way of rain-storm events and melt, and tidal forcing.

For instance,

154
observations of the 1976 to 1985 terminus position of Columbia Glacier, which has been
in fast retreat, shows the minimum position occurred in winter and the maximum position
occurred in spring [Krimmel and Vaughn, 1987; Meier and Post, 1987].

Minimum /

maximum speed showed inverse coupling to minimum / maximum terminus position.
The seasonal magnitude of the terminus position change from 1977 to 1986 was up to
500 m.

Hubbard Glacier, which is in its slow advance-phase, has its terminus minimum

position in fall and maximum position in spring based on observations since 1948
[Trabant et al., 1991]. Terminus speed maximum occurs in spring and minimum occurs
in fall, contrasting with Columbia Glacier.

The seasonal magnitude of Hubbard’s

terminus position has been up to 100 m at times.
Figure 5.1, bottom panel, shows close-up images from the NASA Terra-ASTER15
sensor acquired on 4 August 2004 and 7 August of the termini of Guyot, Yahtse and
Tyndall Glaciers, with plotted white lines of those termini from the SRTM X-band DEM
of 11-22 Feb. 2000.

The ASTER images were planimetrically co-registered to the

SRTM X-band DEM for terminus position comparison. From Feb. 2000 to August 2004,
Guyot Glacier’s terminus retreated up to 570 m.

The Yahtse terminus shows a small

advance of about 100 m in the middle-section with the sides at the same position as in
Feb. 2000.

Thus, along the terminus width, its position is roughly static at these seasons,

suggesting a fall / winter minimum.

Tyndall’s terminus shows an advance of about 240

m on the left side and a retreat on the right side of about 100 m, and is roughly stationary
across the terminus at these seasons.

Likewise, suggesting a fall / winter minimum.

From August 2004 to August 2006, Guyot Glacier terminus retreated up to 360 m on the
north half and up to 520 m on the south half, in addition to the retreat from Feb. 2000 to
August 2004.

This does not support a fall / winter minimum position, and suggests a

different seasonal behavior.

The Yahtse Glacier terminus from August 2004 to August

2006, however, shows an advance of up to 180 m over much of its width.

The 11-22

Feb. 2000 termini positions and those in August 2004 and 2006 should be near the
minimum if they were in-phase seasonally with Columbia and Hubbard Glacier.
15

Advanced Spaceborne Thermal Emission and Reflectance Radiometer.

Over
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the period from its Feb. 2000 to August 2006, Guyot’s seasonal minimum is not apparent.
Tyndall’s seasonal minimum is apparent comparing Feb. 2000 and August 2004 positions.
In contrast, Yahtse Glacier was at an in-phase seasonal minimum in August 2004, but not
in August 2006.

In late spring 2007, pilot reports and air photos of the Icy Bay glaciers

indicate they were advancing (C. Larsen, pers. comm., 2007).

Apparently, the

short-term pace and magnitude of retreat / advance of these tidewater glaciers are not
uniform across the length of their termini during the years we have observed.

The

relatively narrow, 2 to 4 km widths of the confining fiords and the distribution of basal
water conduits beneath the glaciers could be factors.

These complexities we observe

indicate that the dynamics of tidewater glaciers are not fully understood [O’Neel et al.,
2001; Viele et al., 2002; Sugiyama et al., 2003; Anderson et al., 2004; Barclay, 2006].
Playing on the seasonal and short-term variations of the tidewater of Icy Bay are the
quasi-periodic variations from surging [Muskett et al., 2003].

The 1948 map of glacial

features and deposits of Tyndall Glacier shows folded lateral-medial moraines, indicative
of surging [Plafker and Miller, 1958].

The retreat of Tyndall Glacier was interrupted by

a major surge, observed in 1964 by A. Post; the surge briefly advanced its calving
terminus by over 1 km.

Soon after Tyndall Glacier had extended its terminus into much

deeper water, rapid calving overtook the advance and the terminus quickly retreated.
Since 1972, Tyndall Glacier has retreated at roughly 460 m/yr to its 2000 position, a
distance of about 13 km.

Evidence of a surge of Tyndall Glacier, from 1999 to 2002,

will be presented in the next section on area-average elevation changes.

5.4

Glacier Thinning: Area-Average and ICESat Along-Track Elevation Changes

5.4.1

Area-Average Elevation Changes: InSAR and USGS DEMs

Differencing of the co-registered DEMs (adjusted as described above) produces a
difference DEM of elevation change at each pixel location.

Each elevation change,

multiplied by the pixel area, produces a volume change at the pixel location.

Glacier

area volume change is derived by integrating the pixel volume changes throughout the
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glacier area using digital area masks (Table 5.2, Fig. 5.5).

From 1948 to 1999 the

accumulation area of Guyot Glacier above 1220 m lowered at an ice equivalent
area-average rate of 0.7 ± 0.1 m/yr.

From 1972 to 1999 the accumulation area of Yahtse

Glacier above 1220 m lowered at an area-average rate of 1.0 ± 0.1 m/yr.

Elevation

changes on these glaciers are spatially non-uniform with some parts showing modest
elevation rising, such as near the present positions of the calving termini and in the
mid-elevation ranges.

The fiord areas of Guyot and Yahtse Glaciers had volume (above

sea level in 1957) losses from 1957 to 1999 of 698.0 ± 24.0 m3/yr and 114.0 ± 5.0 m3/yr,
respectively.

In the fiord area of Tyndall Glacier, the volume (above sea level in 1972)

loss was 316.0 ± 24.8 m3/yr from 1972 to 1999. A comparison of area-average lowering
rates from 1972 to 1999 and 1999 to 2002 on a same-area basis, i.e. using the glacier area
above the Feb. 2000 terminus, showed the surface of Tyndall Glacier lowered at 1.4 ± 0.2
m/yr and 2.8 ± 0.2 m/yr, on average, respectively; a factor of two increase (Fig. 5.6).
The tidewater dynamics of Tyndall Glacier are also complicated by surge dynamics
[Muskett et al., 2003].

In Figure 6 (A) the middle-elevation ranges show elevation

rising of up to 20 m from 1972 to 1999.
lowering of up to -20 m along the trunk.
the Feb. 2000 position.

Figure 6 (B) however, shows elevation

The terminus advanced up to 285 m relative to

Elevation increases across the area of terminus-advance are

increased up to 75 m above sea level.

The distribution of elevation changes along the

trunk and terminus of Tyndall Glacier from 1972 to 1999, in comparison to those in 1999
to 2002, are consistent with surge dynamics [Post, 1960].
Land terminating glaciers in the Robinson Mountains, west of the Guyot Glacier
ice-divides, show modest (Leeper Glacier, -0.3 ± 0.1 m/yr, non-surging) to strong
(Yakataga Glacier, -1.2 ± 0.1 m/yr) area-average lowering from 1948 to 1999.

Moraine

folds on a tributary of Yakataga Glacier seen in Landsat images suggest flow
characterized as pulse-flow; that is, its velocity is intermediate between that of a steady
flow and surge-flow glacier [Wilber, 1988].
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5.4.2

Mean Elevation Changes Along ICESat Tracks vs. InSAR DEMs

The accumulation area of Yahtse Glacier lowered by 4.4 ± 0.9 m, at 1580 m elevation,
and 4.3 ± 1.3 m, at 1380 m elevation, from 2000 to 2003 (Table 5.3, Fig. 5.7).

At 1150

m elevation (as the glacier width begins to narrow) Yahtse Glacier rose by 3.7 ± 2.1 m
from 1999 to 2003.

At 490 m elevation, about 3.5 km upglacier from the calving

terminus, Guyot Glacier lowered by 20.1 ± 4.3 m from 1999 to 2003.

Elevation

differences along ground tracks crossing the lower-elevation ranges of Guyot and Yahtse
Glaciers show high standard deviations due to heavy crevassing and higher surface slopes.
In the narrow width between the Guyot Hills nunatak and the St. Elias ridges on the north
side, Yahtse Glacier surface rose by 4.6 ± 4.1 m, at 930 m elevation from 1999 to 2004.
Below the nunatak and above the icefall where the heaviest crevassing occurs, Yahtse
Glacier surface lowered by 5.2 ± 3.4 m from 1999 to 2004.
Figure 5.7 includes elevation differences on the Gulf of Alaska, Bagley Ice Valley
(the main accumulation area of the Bering Glacier system) and Quintino Sella Glacier
(head glacier of the Bering Glacier system).

The large biases on the Gulf of Alaska are

likely due to surface waves, coastal currents and tides at the times relative to the
spaceborne radar and laser [Kiel et al., 2006; Helm et al., 2002].
Along-track mean elevation differences on Bagley Ice Valley and Quintino Sella
Glacier exhibit spatial non-uniformity similar to the multi-decadal area-average elevation
changes [Muskett et al., 2003].

Mean elevation changes from 2000 to 2003 are +2.6 ±

3.1 m, +4.0 ± 1.8 m, and +4.2 ± 1.9 m, on the tracks crossing between 1200 m to 1600 m
elevation (Fig. 5.7).

Mean elevation changes from 2000 to 2004 are -1.6 ± 0.9 m and

+1.1 ± 1.3 m, crossing between 1700 m to 1800 m elevation.

The multi-decadal

elevation changes also showed two regions of rising surface elevation separated by a
region of lowering surface elevation.
Elevation changes on Quintino Sella Glacier along two crossing tracks from 2000 to
2004 have means of -1.0 ± 0.9 m, at 2350 m elevation, and -2.5 ± 1.1 m, at 2250 m
elevation.

Multi-decadal area-average elevation changes on Quintino Sella Glacier

show strong lowering from 1972 to 2000 [Muskett et al., 2003].
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5.5

Discussion and Interpretation

The multi-decadal and recent elevation changes on the tidewater Guyot, Yahtse and
Tyndall Glaciers of Icy Bay, Alaska, and on Bagley Ice Valley and Quintino Sella Glacier,
parts of the surge-type Bering Glacier system are linked to glacier dynamics, changes in
internal hydrology, and temperature and precipitation [Braithwaite, 2002]. The recent
mean elevation changes on Bagley Ice Valley and Quintino Sella Glacier show
consistency with the multi-decadal area-average elevation changes [Muskett et al., 2003].
The elevations of Bagley Ice Valley, the central accumulation area, are rising in an
average sense from 2000 to 2004.

The elevations of Quintino Sella Glacier, the head

accumulation area of the Bering system, are lowering.

This is despite increases in

annual snow accumulation estimated from the high-elevation Mount Logan ice core at the
King Col site [Moore et al., 2002].

Apparently quiescent-phase dynamics continue to

drawdown the elevations of Quintino Sella whereas the elevations on Bagley Ice Valley,
below Quintino Sella, are rising [Raymond, 1987].
The recent mean elevation changes on Guyot and Yahtse Glaciers and the
multi-decadal area-average elevation changes are spatially non-uniform.

ASTER

images from August 2004 and 2006 show crevassing on both glaciers in the ablation and
accumulation areas.

The high-elevation accumulation areas show strong lowering.

In

the middle-elevation range of the glaciers, modest to strong rising in an average sense is
apparent.

The ablation areas of the glaciers show strong lowering.

The mean elevation

lowering rate on Guyot Glacier, at 490 m elevation and about 4 km upglacier of its
calving terminus is 5.0 ± 1.1 m/yr from 1999 to 2003; a better than doubling of the
lowering rate of 2.1 ± 0.1 m/yr, on average, from 1957 to 1999.
The observed elevation changes since 1948 to 2004 on Guyot and lower Yahtse
Glaciers occurred during the negative (cool-dry) and positive (warm-wet) phases of the
North Pacific Decadal Oscillation, while those observed since 1972 to 2002 on upper
Yahtse and Tyndall Glaciers have occurred mostly during the positive phase [Muskett et
al., 2003; Hare and Mantua, 2000].

During the 25-year time period 1977 to 2002,
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late-summer and winter temperature and precipitation at NWS stations Cordova and
Yakutat have increased quite substantially, up to 5 oC and 5 mm respectively, in
south-central Alaska relative to the earlier 25-year 1950 to 1975 time period [Muskett et
al., 2003].

Hartmann and Wendler [2005], using all of the Alaska NWS stations

daily-records, showed that precipitation in south-central Alaska has increased by 8%
(total) and 6% (snowfall) in the 1977 to 2001 period relative to the 1951 to 1975 period.
In recent years, and especially 2004, summer temperatures in Alaska reached historical
highs [Waple and Lawrimore, 2003; Levinson, 2005; Levinson and Waple, 2004].

The

surface lowering over the accumulation areas of the Icy Bay glaciers has occurred despite
increasing precipitation at sea level [Muskett et al., 2003].

Moreover, high-elevation

snow accumulation estimated from the Mount Logan ice core (5340 m, 60.6oN, 140.6oW)
shows an increase that began around 1850 and accelerated from 1976 to 2000 [Moore et
al., 2002].

The observed surface lowering thus appears to be driven by dynamic

drawdown caused by retreat of the calving termini of the Icy Bay glaciers with the effect
of increasing temperatures superimposed.
insufficient to counteract these effects.

Apparently, increasing snow accumulation is

We hypothesize that the increased low-elevation

precipitation (rain) during the positive phase of the North Pacific Decadal Oscillation and
increased melting may be contributing to increase basal sliding due to increased water
drainage to the bed.

If so, this may be causing increased ice velocities and calving

above the normal seasonal variations [Meier and Post, 1987].

5.6

Conclusions

Multi-decadal area-average elevation changes, i.e. the integrated volume change
divided by glacier area, on the tidewater Guyot, Yahtse and Tyndall Glaciers of Icy Bay,
Alaska, USA, have been derived.

From 1948 to 1999 and 1972 to 2000 we observed

area-average lowering rates of 0.7 ± 0.1 m/yr and 1.0 ± 0.1 m/yr on the Guyot and Yahtse
Glacier accumulation areas, respectively.

This is in addition to the volume losses of

698.0 ± 24.0 m3/yr and 114.0 ± 5.0 m3/yr, accompanied by retreat in their fiords of 18 km
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and 11 km, respectively, since 1957.

From 1972 to 1999 Tyndall Glacier shows an

area-average surface lowering of 2.4 ± 0.2 m/yr with volume loss of 316.0 ± 24.8 m3/yr
and retreat of 13 km in its fiord. Neglecting the 36% reduction of area and volume loss
caused by calving retreat in its fiord, Tyndall Glacier lowered at a mean of 1.4 ± 0.2 m/yr.
On a same-area basis, the mean lowering accelerated to 2.8 ± 0.2 m/yr from 1999 to 2002.
The recent elevation changes on Bagley Ice Valley and Quintino Sella Glacier are due to
effects of the quiescent-phase surge dynamics and effects of climate warming
superimposed.
These area-average surface drawdown and volume losses have occurred during retreat
phases of tidewater glacier cycles since in the early 1900s.

The observed retreat and

accumulation area surface lowering have occurred during both the negative and positive
phases of the North Pacific Decadal Oscillation [Hartmann and Wendler, 2005].
Elevation changes estimated along spaceborne laser altimetry tracks crossing the
accumulation area of Yahtse Glacier above 1400 m elevation show an increase in the
lowering rate from autumn 2000 to autumn 2003, at 1.5 ± 0.3 m/yr.

Between 1400 m

and 1000 m elevation, the elevation changes on Guyot and Yahtse Glaciers are
non-uniform, rising in an average sense. Near their termini, Guyot Glacier lowered at
5.0 ± 1.1 m/yr from 1999 to 2003, and Yahtse Glacier lowered at 1.0 ± 0.7 m from 1999
to 2004.
We conclude that drawdown of the accumulation areas of the tidewater glaciers of Icy
Bay, Alaska, is primarily caused by tidewater glacier dynamics with the effects of climate
warming superimposed.

Our observations and measurements of retreat and drawdown

of the glaciers of Icy Bay strengthen other results of increased wastage of non-polar
glaciers during the decades since the mid-1970s, accelerating during the last decade of
the 20th century [Dyurgerov and Meier, 2000; Arendt et al., 2002, 2006]. A short-term
anomalous advance of the terminus of Yahtse Glacier and continued retreat of Guyot
Glacier observed during August 2004 to August 2006 do not fit the season pattern of
other retreating tidewater glaciers. Area-average elevation changes on Tyndall Glacier
from 1972 to 1999 and 1999 to 2002 indicate a modest surge.
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Figure 5.1

Location map showing the glaciers of Icy Bay, in south-central Alaska

[inset map in lower left] and NASA Terra-MODIS image, 9 Sept. 2004 [Top panel]. In
the 1880s the Icy Bay glaciers extended seaward to the terminus given by the dashed
white line.

The 1957 terminus is shown by the solid white line.

Yakataga (YG) Glaciers are identified.

Leeper (LG) and

Bottom panels; NASA Terra-ASTER images

with 11-22 Feb. 2000 termini plotted as solid white lines.

Scale is given in lower right.
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Figure 5.3

Vertical bias of the SRTMC DEM relative to the SRTMX DEM at the

same-locations, along ICESat track 0416 (see Fig. 2).

Data are adjusted to WGS-84

datum; no snow depth adjustments applied to these profiles.

The red crosses and dashed

line show the ICESat minus SRTMC differences; the mean difference is -8.6 ± 23.8 m
(SRTMC elevations higher).

The blue crosses and dashed line show the ICESat minus

SRTMX differences; the mean difference is -5.6 ± 20.6 m (SRTMX DEM higher).
Terrain types listed to associate vertical bias: GoA refers to Gulf of Alaska.

Reducing

the double-difference profile to only the low-slope sparsely vegetated foreland shows a
vertical mean bias of 4.4 ± 3.9 m (C DEM higher than X DEM).
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Figure 5.4

Modeled snow depth from estimated snow accumulation from the glacier

mass balance model [Tangborn, 1999; Muskett et al., 2003], in-situ surface snow
densities [Alford, 1967; Sharp, 1951, 1958], a winter density based on [Zwally and Li,
2002], and low-elevation snow depth measurements from Cordova and Yakutat NWS
stations (Feb. 2000) for the Malaspina Glacier system, from Sept. 1999 through Feb.
200016.

This fitted polynomial given by the equation at the top of the figure is used to

adjust the SRTMX DEM elevations from 11-22 Feb. 2000 (the acquisition time) to 1 Sept.
1999.

16

note added; see Thesis Appendix 2.
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Figure 5.6
2002.

Difference DEMs of Tyndall Glacier; (A), 1972/73 to 1999, (B) 1999 to

Coal (C) and Daisy (D) Glaciers, tributaries in 1972, have been abandoned by the

retreat of Tyndall Glacier (dotted lines for scale).
terminus advanced up to 285 m.

From Feb. 2000 to Aug. 2002 the

This anomalous advance as shown returned to a

non-uniform retreat from August 2002 to August 2004 (see Fig. 5.1B).
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Figure 5.7

ICESat minus InSAR DEM (see Fig. 5.2) along-track mean elevation

differences on the Gulf of Alaska (GoA), Guyot Glacier (GG) and Yahtse Glacier (YG) as
well as Bagley Ice Valley (BIV) and Quintino Sella Glacier (QSG).

The glacier

differences have been adjusted for vertical bias estimated relative to the ITI Malaspina
DEM and estimated snow depth at the acquisition times.
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Chapter 6

Thesis Conclusions

This research documents observations and analyses of the volume and area-average
elevation changes on the Bering and Malaspina Glacier systems, the largest surge-type
and piedmont glaciers in continental North America, and the tidewater glaciers of Icy Bay.
These glacier systems are part of the largest glacierized region in continental North
America.
The analysis of multi-decadal volume and area-average elevation changes on the
Bering and Malaspina Glacier systems was accomplished through differencing of
co-registered high-resolution digital elevation models (DEMs) derived from airborne and
spaceborne single-pass interferometric synthetic aperture radar (InSAR) systems: i) the
Intermap Technologies, Inc., Star-3i missions, September 2000 and August 2002; and ii)
the NASA Shuttle Radar Topography Mission, February 2000, with the DEMs of the U.S.
Geological Survey (USGS) and the Natural Resource Canada (NRCA), Centre for
Topographic Data, whose elevations were derived by aerial photography acquired during
the late summers of 1948, 1957, 1972/73 and 1976.

Laser altimetry from the NASA Ice,

Cloud, and land Elevation Satellite (ICESat) mission were used with the InSAR DEMs to
estimate surface elevation changes of the glaciers from 2000 to 2005.

Adjustments were

made for estimates of systematic error and seasonal snow accumulation.

Small-aircraft

laser altimeter (SAA) data were used to: i) verify the accuracy of the Intermap DEM of
Bagley Ice Valley; and ii) estimate the central flow-band area-average elevation changes
on the Bering and Malaspina Glacier systems from acquisitions in June 1995 and 2000,
and on parts of the Bering Glacier system in August 2000 and 2003.
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Estimates of systematic error, measured as vertical offsets on non-glacierized, terrain
and additional systematic error due to “contour-floating” in relatively featureless
accumulation areas were made and applied as adjustments.

Estimates of seasonal snow

depths at the times of acquisition of the SRTM DEMs and ICESat altimetry were made
and applied as additional elevation adjustments.

This was done using the glacier mass

balance Precipitation-Temperature-Area-Altitude model of Tangborn [1999], combined
with published in-situ surface snow densities on the Malaspina Glacier system reported
by Sharp [1951, 1958], and on Ogilvie Glacier (west flank of Mt. Logan) reported by
Alford [1967], with an estimated winter surface snow density from Zwally and Li [2002].

Datum and projection transformations were applied to the DEMs and altimetry to
insure that all data were in as consistent reference frame, prior to differencing the
elevations.

ICESat altimetry whose datum is the TOPEX/POISEDON ellipsoid were

transformed to the World Geodetic System 1984 (WGS-84) ellispoid.

SAA profiles,

initially referenced to North America Datum 1983 (Geodetic Reference System 1980
ellipsoid), were transformed to WGS-84.

The InSAR DEMs and SAA profiles were

adjusted to a vertical mean sea level reference using geoid separation data
(GEOID99-Alaska, NOAA, National Geodetic Survey) for differencing with the USGS
and NRCA DEMs.

The USGS and NCRA DEMs horizontal datum, North American

Datum 1927 (Clarke 1866 ellipsoid), were transformed into the WGS-84 and re-projected
into the Universal Transverse Mercator (UTM) system.
re-projected into the UTM system.

ICESat and SAA altimetry were

All DEMs were re-sampled to a grid size of 30 m by

30 m.
The surface elevation changes derived by DEM differencing and SAA-to-DEM
methods of the Bering and Malaspina Glacier systems are highly non-uniform.
changes are, in part, a result of surge dynamics within each system.

These

Superimposed on

these dynamic changes are the effects of substantially increased winter temperatures,
lesser but still-significant increases in summer temperatures, and increased fall and winter
precipitation (water at low-elevations and snow at high-elevations), from climate
warming.

179
6.1

Bering Glacier System
The observed changes in the Bering Glacier system during its surge cycle from

1972/73 to 2000 show that surge dynamics exacerbates negative mass balance,
particularly immediately after the surge which occurred in 1993-95.

The observed late

summer surface water pools and open – debris/dirty water littered crevasses on Quintino
Sella, at greater than 1950 m a.s.l. and more than 900 m above the equilibrium line
elevation suggests sudden rapid motion events on this high-altitude tributary.

Such

rapid motion events, where englacial water, basal water, and basal debris are discharged
on the glacier surface, are characteristic of surge-type glaciers [Roberts, 2005].

The

magnitude of the net mass balance of Quintino Sella Glacier closely compares to that of
the Bagley Ice Valley (below Columbia Glacier), suggesting a common linkage through
surge dynamics with the effects of increased snow accumulation superimposed.
The elevations of Bagley Ice Valley rose from the increase of glacier mass from
Quintino Sella Glacier by the increased through-put due to surge dynamics.
Furthermore, the increased surface elevations of Columbus Glacier, the extension of
Bagley Ice Valley above the mouth of Quintino Sella, appear also to have been increased
by through-put of mass from the ice divide with Seward Glacier in Yukon Territory from
1972 to 2000.

I note that the 1987/88 surge of the Malaspina Glacier system likely

affected the ice divide elevations similarly, as was observed through comparison of the
NASA ICESat altimetry from 2003 and 2005 with the InSAR-derived high-resolution
Intermap Technologies, Inc., DEM of Bagley Ice Valley and western Seward Glacier
from 2000.
From 1972 to 1995 the main trunk of the Bering Glacier system lost 41.2 ± 4.3 km3 at
an area-average rate of -0.9 ± 0.1 m/yr.

After the 1993/95 surge to 2000, volume loss

and the area-average lowering rate increased by a factor of three.

From 2000 to 2003

the volume loss and area-average lowering rate moderated by a factor of two.

However,

during the 2000 to 2003 period the rate of surface lowering was still increased by ca. 30%
over the 1972 to 1995 period.

From 1972 to 2003 the whole Bering Glacier system lost

up to 110.7 ± 7.0 km3, corresponding to an area-average rate of -0.9 ± 0.1 m/yr.
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6.2

Malaspina Glacier System
The spectacular doubly folded medial moraines on the Seward lobe of the Malaspina

piedmont owe their origin to sequential changes of the main surge-flow direction from
SE to SW, with accompanying changes in surface slope and thickness.

This remarkable

aspect of the Malaspina piedmont flow was observed in this study for the first time.
From his 1960s aerial photographs, Austin Post hypothesized that changes in surge
direction were the mechanism that produced the folded medial moraines.

My

observations of elevation changes on the Seward lobe from 1972 to 1999 and from 1999
to 2002 confirm Post’s hypothesis.
Elevation changes on the folded debris covered ice-cored moraines of the Malaspina
Glacier piedmont have been strongly non-uniform.

The folded moraines between the

Seward lobe and Marvine Glacier (east side) are thinning at a faster rate than those
between the Seward lobe and Agassiz Glacier (west side).

From 1972 to 1999 all of the

folded, debris covered, ice-cored moraines lowered at an area-average rate of 1.2 ± 0.1
m/yr.

From 1999 to 2002 the moraine lowering rate accelerated to 2.4 ± 0.3 m/yr; an

acceleration by a factor of two over the previous rate.
The area-average surface lowering on the Seward lobe is 2.0 ± 0.3 m/yr overall, and
is strongly bimodal from 1999 to 2002.

The west half which was the receiving area for

the 1999-2002 surge has an area-average increase of 3.4 ± 0.3 m/yr whereas the east half,
which was the receiving area for the 1987/88 surge, showed an area-average surface
lowering of 4.1 ± 0.3 m/yr.

In the 27-yr interval from 1972/73 to 1999 the net mass

balance of the whole Malaspina Glacier system was -1.4 ± 0.2 m/yr.

From 1999 to 2002

the net mass balance was -1.8 ± 0.1 m/yr, roughly a 28% increase.

From 1972 to 2002

the Malaspina Glacier system lost 151 ± 15.0 km3; a net mass balance of -1.4 ± 0.1 m/yr.
More recent elevation changes on the Malaspina Glacier system, measured using
ICESat altimetry and the high-resolution ITI DEM of Bagley Ice Valley showed that from
2000 to 2003 the ice divide region of upper Seward Glacier lowered by a mean of 5.9 ±
0.6 m.

From 2000 to 2005, this region lowered by a mean of 4.7 ± 0.8 m.

This and

other evidence indicates that the surge of lower Seward Glacier had by 2003 affected the
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surface elevations on upper Seward Glacier by drawdown due to increased flow.

The

slight reduction in the mean lowering near the ice divide on upper Seward Glacier
indicates that it is in recovery after the surge of lower Seward Glacier.
The subglacial channels expressed in the topography of the Seward lobe suggest these
may be related to the alternating surge direction.

My observations however do not allow

for a definitive conclusion in this regard.
The remarkable 1999 to 2002 near-concurrent surges of Agassiz, lower Seward and
Marvine Glaciers of the Malaspina Glacier system, and the surge of the tidewater Tyndall
Glacier, all independent glaciers and tributaries, suggests a common link.

That linkage,

expressed in a hypothesis by Lingle and Fatland [2003], suggests that increased water
storage within the englacial hydrologic system is a key in the initiation of surging.

Prior

to initiation there would have been a period of increasing thickness in the mid-to-upper
reaches, which returned these glaciers to their pre-surge geometry [Eisen et al., 2001].
A surge-type glacier which has not reached a pre-surge thickness threshold level but
has sufficiently increased englacial water to initiate unstable sliding might surge but only
weakly.

This may have been the case for Bering Glacier which surged weakly in 1981.

Given the influence of the North Pacific Decadal Oscillation on Alaska’s meteorology
and climate, is it possible that englacial water storage sufficient to trigger surging is
linked to it as well?
ICESat altimetry from late summers 2003 and 2004 differenced with the Intermap
InSAR DEM show that the surface elevations of Bagley Ice Valley continued to increase
while surface elevations of the high-elevation tributary, Quintino Sella Glacier, continued
to decrease.

The decrease of elevation on Quintino Sella is not due to a deficit of

high-elevation annual snow accumulation [see Moore et al., 2002].

Rather, it is a

consequence of surge dynamics.

6.3

Icy Bay Glaciers
The glaciers of Icy Bay offer another perspective on glacier dynamics, in this case

tidewater dynamics with the effects of climate warming. Prior work on these glaciers
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have been published by Meier and Post [1987], Winkler [2000], Molnia [2001], and
Barclay et al. [2006], and an unpublished manuscript by Post and Plafker [1974].

The

retreat of Guyot, Yathse and Tyndall Glacier and the opening of Icy Bay is due to
tidewater instability which began around 1900.

At that time, the calving termini of

these glaciers were joined into a single calving front which extended into the Gulf of
Alaska beyond Icy Cape and Point Riou.

After initial retreat of the calving terminus

from a protective marine shoal into deeper water between 1900 and 1904, a positive
feedback mechanism of increased calving rate and increased ice velocity began.

As the

calving terminus retreated up-fiord into the deeper water of Icy Bay, increased
salinity-driven sub-surface melting at the terminus likely began as well [Post and Plakfer,
1974; Motyka et al., 2003].
calving terminus.

This positive feedback drove accelerating retreat of the

By 1957 the calving terminus had retreated north by about 32 km and

separated into the three distinct termini of Guyot, Yahtse and Tyndall Glaciers.
My observations of the additional retreat from 1948/57 to 2006, accompanied by
decreases in surface elevation, particularly the accumulation areas of these glaciers, as
well as my estimates of negative area-average elevation changes were presented in
Chapter 5.

Since 1957 Guyot Glacier has retreated by about 18 km, Yahtse Glacier by

11 km, and Tyndall Glacier by about 19 km to their 2000 termini positions.

The effects

of retreat-phase tidewater dynamics have affected the accumulation areas of Guyot,
Yahtse and Tyndall Glacier through surface drawdown caused by increased flow, with
associated strongly negative net mass balance caused by mass loss.
The accelerations of wastage since the 1990s on the Bering and Malaspina Glacier
systems and the tidewater Guyot, Yahtse and Tyndall Glaciers of Ice Bay are due to
glacier dynamics acting in conjunction with the superimposed effects of increased
summer and winter temperatures and precipitation. Plumes of heavy sediment laden
discharges from the lobes of the Malaspina Glacier system were seen in NASA MODIS
imagery from late summers / early fall 2003 and 2004 following the 1999 to 2002 surges.
This suggests a potential impact of post-surge floods on the chemistry of the waters of the
Alaska Coastal Current [see Tangborn et al., 2000; Royer and Grosch, 2006].

Further
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research is needed to access this impact on the fisheries along the Gulf of Alaska.
The modest anomalous advance of Yahtse Glacier from 2004 to 2006 indicates there
are specifics of tidewater glacier dynamics that are yet to be fully understood.

6.4

Contribution to Global Sea-Level Rise from the Bering and Malaspina Glacier

Systems
The volume change in water equivalent from the accumulation areas of the glaciers in
tables 3.1, 3.2 and 4.2 (chapters 3 and 4 respectively), a factor of 0.9 of the ice equivalent,
is used.

The area of the global ocean is 361,000,000 km2 [CRC Handbook, 2007].

The

combined water equivalent volume change of the Bering and Malaspina Glacier systems
from 1972 to 2003 is 261.2 ± 16.5 km3 over an area of 7734 km2.

The equivalent mean

sea-level rise (volume loss / ocean area) is +0.72 ± 0.05 mm at a rate of +0.023 ± 0.002
mm/yr.

This is roughly 0.8% of the observed mean sea-level rise, now estimated from

satellite measurements to be ca. +3.01 ± 0.4 mm/yr [Nerem et al., 2006].

Furthermore,

it is roughly 9% of the contribution of non-polar glaciers and ice caps [Dyurgerov and
Meier, 1997; Meier and Wahr, 2002].

The magnitude of this contribution to global sea-level rise from the Bering and
Malaspina Glacier systems is due to their large areas (4073 km2, which is 80% of the
Bering Glacier system, and 3661 km2, which is 73% of the Malaspina Glacier system),
combined with the accelerated volume losses from these glacier systems observed from
1999 to 2003.

This recent acceleration was not resolved by Arendt et al. [2002] due to

less area and time coverage.
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Appendix 1:

Notes on the History of the National Geodetic Vertical Datum 1929 and the North
American Vertical Datum 198817

The US Geological Survey (USGS) digital elevation models (DEMs) derive from
scanning of the contour plates of the 1:63,360 scale topographic maps [USGS, 1990].
The contours themselves were generated from air photos by photogrammetric
cartography methods from the 1940s to the middle 1970s.

The USGS 1:63,360 scale

maps covering south-central Alaska are provisional, meaning they were released to the
public without field checking and were essentially unfinished compilations without map
publishing quality control standards.

The horizontal datum of the maps and the DEMs

is the North American Datum 1927 (NAD 27) [Zilkoski, 2001].

This datum derives

from a network of benchmarks across the conterminous U.S. and an ellipsoid, the Clarke
1866 ellipsoid [sometimes referred to as spheroid], whose reference zero is the
triangulation station benchmark, Meades Ranch, Kansas, 39o 13’ 26.686” N 98o 32’
30.506 W,

geographic center of the conterminous U.S.

[The ‘reference zero’ of the

ellipsoid refers to the location on the Earths surface where geodetic measurements are
tangential to the ellipsoid.

Furthermore, the geoid height at the Meades Ranch

benchmark is assumed zero.

The Clarke 1866 ellipsoid and the NAD 27 datum are not

geocentric, i.e. their geometric center point does not coincide with the gravitational center
of mass of the Earth.

The Clarke 1866 ellipsoid was formulated by the British

Geodesist Alaxander Ross Clarke, from measurements of meridian arcs in Western
Europe, Russia, India, South Africa and Peru [Snyder, 1982].
was adopted by the U.S. Coastal Survey in 1880.]
17

Clarke’s 1866 ellipsoid

The vertical datum of the USGS

Muskett. R.R., A History of Datums and Reference Frames in Alaska, U.S.A. Part of this appendix is in
preparation for submission to Photogrammetric Engineering and Remote Sensing.
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maps and DEMs is the National Geodetic Vertical Datum 1929 (NGVD 29). NGVD 29
has been the subject of controversy within the US mapping and charting community
almost since its inception [Berry, 1976].
A vertical datum is defined as a set of constants which compose a measurement
height coordinate system of points that have been consistently determined by
observations, corrections and computations [Zilkoski et al., 1992; Zilkoski, 2001].
history of vertical datums in the U.S. stems from leveling routes.

The

The first leveling

route was established by the U.S. Coast Survey (predecessor of the U.S. Coast and
Geodetic Survey) in 1856-57 to support tide-current studies the New York Bay and
Hudson River areas.

By 1900 subsequent leveling routes totaling 21,095 km of geodetic

quality had been connected together to form the first vertical control network in the
United States.

On the network of leveling routes a surface was determined by holding

elevations referenced to local mean sea level fixed at five tide stations (two other tide
stations were indirectly used); thus giving a leveling derived surface approximating mean
sea level across the conterminous U.S.

Subsequent adjustments to the network included

adding of new leveling routes and tide stations in 1903, 1907, 1912 and 1929.

By 1929

the leveling network had grown to 75,159 km in the U.S. and 31,565 km in Canada.
The adjustment of the network and fitted surface in 1929 included 21 tide stations in the
U.S. and five in Canada with their leveling routes. [Canada did not adapt the U.S.
adjustment of 1929 and relied upon their own leveling network, tide stations, methods
and practices; they also refer to their datum at that time as the National Geodetic Vertical
Datum of 1929.]

The tide stations in the 1929 adjustment however had different epochs

(the time length of observations at the stations differed) and it was known that local mean
sea level varies non-linearly from station to station due to physical factors whose effects
could not be adjusted for at the time.

For these reasons the tide stations were assigned a

local mean sea level elevation of zero, and a surface was fitted to the leveling
benchmarks accordingly with methods of the U.S. Coast and Geodetic Survey at the time
[US Army Corps of Engineers, 2002].

However in doing this the surface computed over

the network had discrepancies (deformations) but such were considered at that time to be
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of the order of magnitude of the observational errors in the leveling network.
“Sea Level Datum of 1929” was born.

Thus the

Subsequent readjustments following 1929

showed more fully that fixing elevations at the original tide stations produced un-physical
deformations of the surface over the control network.

To eliminate some of the

confusion regarding the name “Sea Level Datum of 1929” since it did not in fact
reference sea level or mean sea level, a name change was enacted in fiscal-year 1973,
giving rise to the National Geodetic Vertical Datum 1929 [Berry, 1976; Zilkoski, 2001].
Alaska, Hawaii, Puerto Rico and U.S. Virgin Islands were not a part of the horizontal
reference network NAD 27 nor were they a part of the leveling reference network which
became NGVD 29.

Horizontal triangulation (NAD 27) and vertical leveling (NGVD

29) networks in these states would be established at a later date.

From 1940 to 1943 and

following WWII the U.S. Coast and Geodetic Survey extended NAD 27 and NGVD 29
into Skagway, Anchorage and Fairbanks, Alaska [Dracup, 2004a; 2004b].
Since the creation of NGVD 29 up to the 1970s approximately 625,000 km of
leveling routes were added; the network itself in this period became referred to as the
National Geodetic Reference System (NGRS) [Zilkoski et al., 1992; Zilksoki, 2001].

By

the early 1970s the National Geodetic Survey (NGS) conducted an inventory of the
benchmarks and leveling routes of the NGRS.

The inventory effort identified

benchmarks which had been affected by crustal motion, earthquake activity, postglacial
rebound, subsidence and disturbance from human activities (e.g. drilling, petroleum /
water extraction and waste water injection, highway and building construction).

There

were subsequent distortions introduced in the network i.e. the fitted surface, by forcing
the 625,000 km of leveling to fit previously determined NGVD 29 height values.
Height discrepancies of up to 9 meters in the conterminous U.S. were noted.

In

fiscal-year 1977, NGS prepared a budget initiative to finance a modern adjustment of the
network.

This project, and its resulting vertical datum, became known as the North

American Vertical Datum of 1988 (NAVD 88).

[A sister project was also initiated to

replace the NAD 27 horizontal datum (and its network, which is independent of the
vertical datum and network) with an equally modern adjustment which became known as
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NAD 83 (Snay and Soler, 2000).

NAD 83 adopted as its ellipsoid the Geodetic

Reference System 1980 (a geocentric ellipsoid, which is also the reference ellipsoid of
NAVD 88).

The NAD 83 network readjustment was completed by 1986.

By 1989, a

scale adjustment was applied to the NAD 83 network to make it consistent with
International Terrestrial Reference Frame of 1989 (ITRF 89).

Since then, further

readjustments of the NAD 83 network have been applied for consistency with High
Accuracy Reference Networks (networks of GPS control points) and the Continuously
Operating Reference Station network.

For brevity I will not discuss reference frames

and tide systems (Tide-free, Mean and Zero) [see Rapp, 1998].

I will note that since the

network readjustments, NAD 83 / NAVD 88 reference system is consistent with the WGS
84 / EGM 96 reference system.
and EGM 96 exist.]

At local large scales however, deviations GEOID99/0x

Replacement of benchmarks, re-leveling of about 81,500 km of the

first-order vertical control network (within NGRS) in the conterminous U.S. and addition
of new leveling routes in Alaska, Hawaii, Puerto Rico and the U.S. Virgin Islands was
completed in fiscal-year 1991.
general adjustment.

Data from Canada and Mexico were also included in the

A major addition was the establishment of stable “deep-rod”

benchmarks to provide reference points relative to the traditional leveling techniques and
the Global Positioning System leveling techniques which became available during the
adjustment period.
It was also during this period that collaborative work between NGS, the Ohio State
University Dept. of Geodetic Science and the Defense Mapping Agency (as well as other
Defense and civilian Federal Government agencies) on satellite derived geoid models to
approximate mean sea level went forward for the inclusion of a hybrid geoid model with
the NAVD 88 network [see Trimmer, 1998].

The base model for the NGS hybrid geoid

models (post-1995) is the Earth Gravity Model of 1996 [Smith and Milbert, 1999].

The

first hybrid geoid model of the collaboration was GEOID96; a model which was
specifically tailored for the conterminous U.S.

By 1999 this hybrid model was

recomputed with additional gravity observations on the NAVD 88 network (including
Alaska, Hawaii, Peurto Rico and the U.S. Virgin Islands). This re-computation allowed
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for derivative models to be released for Alaska (GEOID99-Alaska), Hawaii, Puerto Rico
and the U.S. Virgin Islands and well as the conterminous U.S.

[Smith and Roman,

2001].
During the establishment of NAVD 88 the International Great Lakes Datum 1955
(IGLD 55), which is an independent vertical datum control network between Canada and
the U.S. enclosing the Great Lakes and the Saint Lawrence River, was readjusted in 1985.
[The reference zero of NAVD 88 derived from the updated reference zero of IGLD 85, is
at Pointe-Au-Pere / Rimousk in southeastern Quebec, Canada.
datum referenced to local mean sea level.]

IGLD 85 is a hydrologic

This independent readjustment served as a

basis for a minimum-constraint mutual adjustment between Canada, Mexico and the U.S.
The purpose of this was to shift NAVD 88 vertically in order to minimize the impact of it
on the U.S. Geological Survey mapping products whose vertical datum at the time was
NGVD 29.
However, the difference of NAD 27 (Clarke 1866 ellipsoid) and NAD 83 (GRS 80
ellipsoid) is substantial [NOAA NGS, datum conversion documentation].

Horizontal

offsets in latitude and longitude can be up to an arc-minute (tens of kilometers).

To

compare elevations of NAD 27 (NGVD 29) to NAD 83 (NAVD 88) a horizontal datum
transformation is applied.

Analysis of orthometric height differences between NAVD

88 and NGVD 29 (on NGVD 88 network benchmarks) range from about -300 cm to
+160 cm in the conterminous U.S. [Zilkoski et al., 1992].

The comparison in the

conterminous U.S. shows that NGVD 29 has an east-to-west tilt.

Checking the NGVD

29-free adjustment against the NGVD 29-constrained adjustment indicates the tilt and
interior distortions are due to the imposed constraints [Zilkoski, 2001].

The greater than

1.23 m offset in Washington State between NAVD 88 and NGVD 29 (NAVD 88 higher)
for example is due to a distortion constraint of 0.89 m in NGVD 29 between Minnesota
and Washington.
In Alaska the differences between NAVD 88 and NGVD 29 are large, by up to 2.4 m
(NAVD 88 higher, Fig. A.1.1) [see Zilkoski et al., 1992].

The average offset, NAVD 88

minus NGVD 29 is about 1.6 m at Fairbanks, and about 2.05 m at Valdez (Figure A.1.1).
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Even within the Fairbanks – North Star Burrough, differences on closely spaced
benchmarks can be as much as 0.65 m [Zilkoski, 2001].

Such differences are due to

inconsistent constraints in NGVD 29 as well as crustal movement accumulated between
NGVD 29 and NAVD 88.
The non-glacierized terrain vertical offsets of NGVD 29 (below) to NAVD 88 in
Alaska are substantial.

They have the effect of making elevations relative to NAGD 29

lower or higher, depending on the magnitude, than elevations relative to NAVD 88 [the
examples shown in Fig. A.1.1 are higher].

During the research of this thesis I have

estimated vertical offsets on low-slope forelands and on the high-slope / high-elevations
ridges between the USGS DEM / Canada DEMs relative to the InSAR Intermap and
NASA SRTM DEMs (Table A1.1).

The magnitudes of the non-glacierized terrain

vertical offsets of the USGS / Canada DEMs relative to the Intermap / SRTM DEMs are
in no small part due to the non-uniform distortions of NGVD 29.
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Figure A.1.1

Alaska, orthometric height differences, NAVD 88 minus NGVD 29

[based on Zelkoski et al., 1992].

Units are centimeters.

NAVD 88 leveling network in Alaska.

The white lines represent the
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Table A.2.1

Summary of DEM Mean Systematic Error Estimates: Vertical offsets

and Contour floating
Glacier Vertical Offset
(m), 0 to < 80

Vertical Offset

o

(m), 0 to < 2

Contour Floating
o

Bagley
9.8 ± 58.6 (l)
9.4 ± 26.8 (l)
Quintino 11.8 ± 14.2 (h)
..
Seward* 19.5 ± 36.7 (h)
..
Jeffries
9.4 ± 26.8 (l)
Bering L.
5.7 ± 7.7 (l)
5.5 ± 6.0 (l)
FCMB
5.7 ± 7.7 (l)
5.5 ± 6.0 (l)
Steller L.
6.7 ± 1.6 (l)
Malaspina f.’
0 ± 10
Malaspina f.
3.5 ± 0.8 (h)
M& S Elias” 3.4 ± 3.2 (h)
L. Seward
2.6 ± 20 (h)
U. Seward+ 8.3 ± 14.5 (h)
4.1 ± 3.7 (h)
Yahtse
Yahtse 0.4 ± 30.4 (h)
4.5 ± 8.8 (l)
Yahtse 0.4 ± 30.4 (h)
4.5 ± 8.8 (l)
Yahtse 4.7 ± 24.1 (h)
0.4 ± 15 (h)
Guyot
Guyot 0.4 ± 30.4 (h)
4.5 ± 8.8 (l)
Guyot 0.4 ± 30.4 (h)
4.5 ± 8.8 (l)
Tyndall
0.4 ± 9.6 (h)
0.4 ± 9.6 (h)
Yakataga 0.4 ± 30.4 (h)
4.5 ± 8.8 (l)
Leeper
0.4 ± 30.4 (h)
4.5 ± 8.8 (l)
White R. 0.4 ± 30.4 (h)
4.5 ± 8.8 (l)
* West half of Seward Glacier in Canada and

DEM; date
(m)

4.3 ± 3.3 (l)
3.4 ± 3.1 (l)
22.1 ± 5.4 (l)
4.3 ± 3.3 (l)
..
..
..
6 ± 3 (h)

5.5 ± 1.9 (h)
6.9 ± 1.0 (h)

USGS; 1972/73
NRCA; 1976
NRCA; 1976
USGS; 1972/73
USGS; 1972/73
USGS; 1972
USGS; 1972/73
USGS; 1972/73
SRTM(X); 2000
SRTM(X); 2000
USGS; 1972
NRCA; 1976

5.2 ± 3.1 (l)
5.2 ± 3.1 (l)
4.1 ± 3.1 (l)

USGS; 1957
USGS; 1972/73
USGS; 1972/73

5.2 ± 3.1 (l)
USGS; 1957
5.2 ± 3.1 (l)
USGS; 1948/57
0.1 ± 2.1 (l)
USGS; 1972/73
5.2 ± 3.1 (l)
USGS; 1948/57
5.2 ± 3.1 (l)
USGS; 1948/57
5.2 ± 3.1 (l)
USGS; 1948/57
includes the ice divide with Bagley Ice

Valley / Columbus Glacier; ’foreland - Malaspina Glaicer; “Malaspina foreland and Saint
Elias Mountains; +Seward Glacier from the U.S. - Canada border, north to Mount Irvine
Nunatak; h – higher, l – lower.

0 to ≤ 80o, 0 to ≤ 2 o means the offsets area measured on

slopes ranging from 0 to 80 o (all slopes) and 0 to 2 o (low slopes), respectively.

195
Appendix 2:

Seasonal Snow Accumulation Estimates for InSAR DEM and ICESat Elevation
Adjustment18

The interferometric synthetic aperture radar (InSAR) digital elevation models
(DEMs) and the Ice, Cloud and land Elevation Satellite (ICESat) elevations are adjusted
by estimates of snow accumulation (cumulative snow depth from 1 September through
the day of acquisition per year).

The adjustment allows for elevation changes to pertain

to changes in glacier ice, not the seasonal snowfall on the glacier surface.

The

procedure uses the Precipitation-Temperature-Area-Altitude (PTAA) glacier mass
balance model Tangborn [1999].

I incorporated measured surface snow densities

reported in the literature to convert the model output, in this case snow accumulation per
day in water equivalent, to snow accumulation depth.

The PTAA model incorporates

National Weather Service (NWS) 4-times daily records of precipitation and temperature,
from Cordova and Yakatat (or other NWS stations), the area-altitude distribution (a.k.a.
area-elevation) of the glacier, with routines to simulate environmental and glaciological
variables.

The PTAA model then incorporates Linear-correlations of the variables as

parameter criteria for simplex optimization.

The optimization in essence derives

estimates of ablation, accumulation, net balance and equilibrium-line altitude among
others.

PTAA estimates accumulation in water equivalents, daily, throughout the glacier

area-elevation distribution.

Knowledge of surface snow densities at elevations from the

glacier terminus to the head and at times through the winter season are needed in order to
convert the accumulation in water equivalents to snow accumulation depths.
The estimated snow accumulation adjustment, Fig. A.2.1., for the Intermap
18

Muskett, R.R.,Supporting Material, to accompany Muskett et al., J. of Glaciol., in prep.
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Technologies, Inc., (ITI) Bagley Ice Valley DEM, acquired 4 to 13 September 2000 was
performed by Tangborn using his knowledge of snow properties gained through his
experience for the USGS glaciological research.

Since the PTAA snow accumulation

profile is out-put in 30 m elevation increments, I then fitted a low-order polynomial to the
profile.

The fitted polynomial is a function of elevation whereby the adjustment can be

applied to all land elevations through the DEM.
The adjustment of the NASA Shuttle Radar Topography Mission X-band (SRTMX)
DEM, acquired 11-22 February 2000 required surface snow densities throughout a
higher-elevation range and adjustment to the PTAA FORTRAN 77 code for output of
surface accumulation at daily intervals which I did.

First, surface snow densities at

various elevations, measured in the 1950s [Sharp, 1951, 1958] and 1960s [Alford, 1967]
are used to derive a fitted curve giving a snow density per elevation function for 1
September.

Using an estimate of winter surface snow density at low elevation [Zwally

and Li, 2002], a similar curve is derived giving an estimate of snow density per elevation

function for 22 February.

Figure A.2.2 shows the snow density per elevation curves for

1 September (light blue) and 22 February (dark blue) with the snow density observations
(triangles – Sharp and diamond – Alford).
Second, the PTAA model of Tangborn [1999] is used with NWS Cordova and Yakutat
station daily temperature and precipitation records from September 1, 1999 through
February 22, 2000, and the glacier surface area-elevation distribution to estimate the
monthly snow accumulation in water equivalent in 30 m elevation intervals.

For each

month the estimated snow accumulation in water equivalent per elevation interval is
divided by the corresponding snow density in the same elevation interval. The resulting
monthly functions are then summed to yield an estimate of the winter snow accumulation
per elevation interval.

Figure A.2.3 shows the simulated snow accumulation in water

equivalent per elevation interval, through 22 February 2000 (light blue lower curve) and
the snow accumulation in snow equivalent per elevation interval (dark blue top curve).
An adjustment to the top curve was made, a mean reduction of 0.3 m, so the estimated
snow depth at sea level elevation interval matched the Feb. mean snow depth at NWS
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Yakutat.

A polynomial is then fitted to the winter snow accumulation per elevation

interval to yield a function of snow accumulation per elevation which is applied to every
land elevation of the SRTMX DEM.

This adjustment then lowers the glacier surface

elevations to a level consistent with Sept. 1, 1999.
Snow accumulation profiles were derived by the same procedures for adjustment of
the Ice, Cloud and land Elevation Satellite (ICESat) altimetry acquired in October
through March of 2003 through 2005.

Figures A.2.4 through A.2.9 show the estimated

snow accumulation profiles corresponding to the dates of acquisition of the ICESat
altimetry. NWS records from Yakutat, near sea level elevation, for instance show no
measurable snow depth for September and October 2003 and negligible snow depth in
November 2004, although liquid-state precipitation did occur.

Summer and autumn

temperatures although increased in 2003 were exceptionally increased in 2004 [Levinson
and Waple, 2004; Levinson, 2005].

PTAA profiles for October and November of 2003

and 2004 in the coastal near sea level to mid-elevation range show minimal snow
accumulation.
elevation.

In these profiles an interesting demarcation can be seen at about 1500 m

The modeling suggests that this elevation is the separation of perennial

snowfields (those higher than 1500 m elevation) to seasonal snowfields (those below
1500 m elevation). Molnia [2007], using NWS data records over all of Alaska (from
Alaska Climate Research Center, University of Alaska Fairbanks) suggests this elevation
as an important parameter in the current state of glacier-climate feedback in Alaska.
Moore et al. [2002] from an analysis of the Mount Logan (King Col) ice core that the

high-elevation trends of annual snow accumulation show increase over the period since
the mid-1700s with acceleration from 1976 to 2000 with strong interannual variability.
Muskett et al. [2003, Fig. 4 (by Tangborn)] showed that low-elevation precipitation

(NWS Cordova and Yakutat) is increased in the 1976 to 2001 period (warm-wet phase of
the North Pacific Decadal Oscillation, see Hartmann and Wendler, 2005) as compared to
the 1950 to 1975 (cool-dry phase) period.
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Figure A.2.1

Estimated snow accumulation profile, as snow equivalent depth, from 1

through 13 September 2000.
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Figure A.2.2

Functions of surface snow density profiles per elevation.

Using field

data from Sharp [1958] from central camp, Malaspina (Seward lobe), Sharp [1951] from
airstrip station, Seward Glacier and from Alford [1967], Ogilvie Glacier (west side of
Mount Logan) I fitted an exponential curve to estimate surface snow density as a function
of elevation (top curve).

I then used a winter (February) surface snow density based on

Zwally and Li [2002] for the zero altitude offset.

Lastly, I then derived a new a new

curve for the February surface snow density as a function of elevation (lower curve).
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Figure A.2.3.

Estimated snow accumulation profiles; lower curve, water equivalent,

and upper curve, snow depth based on snow densities on Malaspina and Seward Glaciers,
September 1999 through February 2000. Measured late summer surface snow densities
come from Sharp [1951, 1958], and Alford [1967].
estimate is based on Zwally and Li [2002].

A winter surface snow density
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Figure A.2.4

Estimated snow accumulation profile, from 1 September to 6 March

2003, based on PTAA model simulation and measured surface snow densities.
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Figure A.2.5

Estimated snow accumulation profile, from 1 September to 16 October

2003, based on PTAA model simulation and measured surface snow densities.
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Figure A.2.6

Estimated snow accumulation profile, from 1 September to 17 October

2003, based on PTAA model simulation and measured surface snow densities.
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Figure A.2.7

Estimated snow accumulation profile, from 1 September to 1 November

2003, based on PTAA model simulation and measured surface snow densities.
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Figure A.2.8

Estimated snow accumulation profile, from 1 September to 18

November 2003, based on PTAA model simulation and measured surface snow densities.
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Figure A.2.9

Estimated snow accumulation profile, from 1 September to February

2004, based on PTAA model simulation and measured surface snow densities.
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Figure A.2.10

Estimated snow accumulation profile, from 1 September to 12 October

2004, based on PTAA model simulation and measured surface snow densities.

209

Figure A.2.11

Estimated snow accumulation profile, from 1 September to 20 October

2003, based on PTAA model simulation and measured surface snow densities.
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Figure A.2.12

Estimated snow accumulation profile, from 1 September to 6

November 2003, based on PTAA model simulation and measured surface snow densities.
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Figure A.2.13

Estimated snow accumulation profile, from 1 September to 30 October

2005, based on PTAA model simulation and measured surface snow densities.
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Figure A.2.14

Estimated snow accumulation profile, from 1 September to 6

November 2005, based on PTAA model simulation and measured surface snow densities.

