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Foreword

On 23 July 1972, the first Earth Resources Technology Satellite (ERTS 1
or Landsat 1) was successfully placed in orbit. The success of Landsat inau-
gurated a new era in satisfying mankind’s desire to better understand the
dynamic world upon which we live. Space-based observations have become
an essential means for monitoring global environmental changes.

The short- and long-term cumulative effects of processes that cause sig-
nificant changes on the Earth’s surface can be documented and studied by
repetitive Landsat and other satellite images. Such images provide a perma-
nent historical record of the surface of the planet; they also make possible
comparative two- and three-dimensional measurements of change over
time. This Professional Paper demonstrates the importance of the applica-
tion of Landsat images to global studies by using them to determine the
1970s distribution of glaciers on the planet. As images become available
from future satellites, the new data will be used to document global
changes in glacier extent by reference to the baseline Landsat image record
of the 1970’s.

Although many geological processes take centuries or even millennia to
produce obvious changes on the Earth’s surface, other geological phenom-
ena, such as glaciers and volcanoes, cause noticeable changes over shorter
periods. Some of these phenomena can have a worldwide impact and often
are interrelated. Explosive volcanic eruptions, such as the 1991 Mount
Pinatubo, Philippines, eruption, can produce dramatic effects on the global
climate. Natural or culturally induced processes can cause global climatic
cooling or warming. Glaciers respond to such warming or cooling periods by
decreasing or increasing in size, which in turn causes sea level to rise or fall.

As our understanding of the interrelationship of global processes
improves and our ability to assess changes caused by these processes
develops further, we will learn how to use indicators of global change, such
as glacier variation, to manage more wisely the use of our finite land and
water resources. This USGS Professional Paper series is an excellent exam-
ple of the way in which we can use technology to provide needed earth-sci-
ence information about our planet. The international collaboration
represented by this report is also an excellent model for the kind of cooper-
ation that scientists will increasingly find necessary in the future in order to
solve important earth-science problems on a global basis.

Charles G. Groat,
Director,
U.S. Geological Survey
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Preface

This chapter is the seventh chapter to be released in U.S. Geological Sur-
vey Professional Paper 1386, Satellite Image Atlas of Glaciers of the World,
a series of 11 chapters. In each chapter, remotely sensed images, primarily
from the Landsat 1, 2, and 3 series of spacecraft, are used to study the gla-
cierized regions of our planet and to monitor glacier changes. Landsat
images, acquired primarily during the middle to late 1970’s, were used by
an international team of glaciologists and other scientists to study various
geographic regions or to discuss glaciological topics. In each geographic
region, the present areal distribution of glaciers is compared, wherever pos-
sible, with historical information about their past extent. The atlas provides
an accurate regional inventory of the areal extent of glacier ice on our
planet during the 1970’ as part of a growing international scientific effort
to measure global environmental change on the Earth’s surface.

The chapter is divided into three parts: Glaciers of Canada (J-1), Gla-
ciers of the Conterminous United States (J-2), and Glaciers of México
(J-3). The Glaciers of Alaska is a separate chapter, Chapter 1386-K, of this
series.

Glaciers in Canada are located in three principal geographic settings: on
several Arctic islands in Nunavut and the Northwest Territories of northern
Canada, in the Rocky Mountains and Interior Ranges of Alberta, British
Columbia, Yukon Territory, and the Northwest Territories, and along the
Pacific Coast, where they are sometimes contiguous with glaciers of Alaska.
Glaciers are also situated in the Ungava Peninsula of northern Labrador,
Newfoundland, and on Vancouver Island, British Columbia. The area cov-
ered by glaciers is estimated to be 151,000 km? on the Arctic Islands and
50,000 km? on the mainland, a total of 201,000 km? The types of glaciers in
Canada include ice caps and ice fields and associated outlet glaciers, valley
glaciers, mountain glaciers, glacierets, and rock glaciers. Landsat images
are most useful in the study of large glaciers, ice caps and ice fields and
associated outlet glaciers in Arctic Canada, and of ice fields, outlet glaciers,
and valley glaciers in western Canada.

Glaciers in the conterminous United States are located in the States of
Washington, Oregon, California, Montana, Wyoming, Colorado, Idaho, Utah,
and Nevada. They have a total area of about 580 km?. Only the first five
states have glaciers large enough in area to be discernable on Landsat MSS
images. Many of the volcanoes in the Cascade Range of the western United
States are capped by glaciers, posing a significant hazard in the form of
lahars and jokulhlaups in the river basins that originate on the flanks of
these volcanoes. In Glacier National Park, Montana, the larger cirque gla-
ciers have been reduced in area and volume during the past 150 years, a
reduction rate that accelerated during the 20th century.

Glaciers in México are located on two active stratovolcanoes, Volcan Cit-
laltépet] (nine named glaciers) and Popocatépetl (three named glaciers),
and one dormant stratovolcano, Iztaccihuatl (12 named glaciers). The total
glacier area in the middle 1960’s was 11.44 km?; all glaciers have been
receding during the 20th century. Since 1993, intermittent volcanic activity
of Popocatépet]l has produced changes in its glaciers. The small area of
México’s glaciers limits the usefulness of Landsat MSS data; Landsat 3 RBV
data, however, has sufficient spatial resolution to delineate glacier margins.

Richard S. Williams, Jr.
Jane G. Ferrigno
Editors
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About this Volume

U.S. Geological Survey Professional Paper 1386, Satellite Image Atlas of
Glaciers of the World, contains 11 chapters designated by the letters A
through K. Chapter A is a general chapter containing introductory material
on the Earth’s cryosphere, including a discussion of the physical character-
istics, classification, and global distribution of glaciers. The next 10 chap-
ters, B through K, are arranged geographically and present glaciological
information from Landsat and other sources of data on each of the geo-
graphic areas. Chapter B covers Antarctica; Chapter C, Greenland; Chapter
D, Iceland; Chapter E, Continental Europe (except for the European part of
the former Soviet Union), including the Alps, the Pyrenees, Norway, Swe-
den, Svalbard (Norway), and Jan Mayen (Norway); Chapter F, Asia, includ-
ing the European part of the former Soviet Union, China (PR.C.), India,
Nepal, Afghanistan, and Pakistan; Chapter G, Turkey, Iran, and Africa;
Chapter H, Irian Jaya (Indonesia) and New Zealand; Chapter I, South
America; and Chapter J, North America (excluding Alaska); and Chapter K,
Alaska.

The realization that one element of the Earth’s cryosphere, its glaciers,
was amenable to global inventorying and monitoring with Landsat images
led to the decision, in late 1979, to prepare this Professional Paper, in which
Landsat 1, 2, and 3 multispectral scanner (MSS) and Landsat 2 and 3 return
beam vidicon (RBV) images would be used to inventory the areal occur-
rence of glacier ice on our planet within the boundaries of the spacecraft’s
coverage (between about 81° north and south latitudes). Through identifi-
cation and analysis of optimum Landsat images of the glacierized areas of
the Earth during the first decade of the Landsat era, a global benchmark or
baseline could be established for determining the areal extent of glaciers
during a relatively narrow time interval (1972 to 1982). This global “snap-
shot” of glacier extent could then be used for comparative analysis with
previously published maps and aerial photographs and with new maps, sat-
ellite images, and aerial photographs in order to determine the areal fluctu-
ation of glaciers in response to natural or culturally induced changes in the
Earth’s climate.

To accomplish this objective, the editors selected optimum Landsat
images of each of the glacierized regions of our planet from the Landsat
image data base at the EROS Data Center in Sioux Falls, S. Dak., although
some images were also obtained from the Landsat image archives main-
tained by the Canada Centre for Remote Sensing, Ottawa, Ontario, Canada,
and by the European Space Agency in Kiruna, Sweden, and Fucino, Italy.
Between 1979 and 1981, these optimum images were distributed to an
international team of more than 50 scientists who agreed to write a section
of the Professional Paper concerning either a geographic area or a glacio-
logical topic. In addition to analyzing images of a specific geographic area,
each author was also asked to summarize up-to-date information about the
glaciers within the area and to compare their present areal distribution with
historical information (for example, from published maps, reports, and pho-
tographs) about their past extent. Completion of this atlas will provide an
accurate regional inventory of the areal extent of glaciers on our planet
during the 1970’s.

Richard S. Williams, Jr.
Jane G. Ferrigno
Editors
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Glaciers of North America—

GLACIERS OF CANADA

INTRODUCTION
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Glaciers in Canada are situated in three principal locations: on several Arctic
islands, in the Rocky Mountains and Interior Ranges, and along the Pacific Coast.
Landsat MSS images are most useful in studying and monitoring changes in ice caps,
ice fields, outlet glaciers, and valley glaciers
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Educational, Scientific, and Cultural Organization’s (UNESCO) Interna-
tional Hydrological Programme (IHP). This activity is complemented by
participation in the “CRYSYS” program (to study variability and change of
the Canadian CRYospheric SYStem) [http:/www.crysys.uwaterloo.ca],
whose academic and government partners conduct research on the Cana-
dian cryosphere using conventional and remote sensing methods.

As part of the glacier investigations during the past 140 years, especially
between the middle 1940's and 1990’s, one 1:4,000,000-scale map of the
height of the glaciation level in western Canada and southern Alaska (gla-
ciers shown in green) (Anonymous, 1978), one 1:2,000,000-scale map of
glaciers and moraines in southern British Columbia and Alberta (glaciers
shown in gray) (@strem and others, 1966), seven 1:1,000,000-scale, 52
1:500,000 scale (Glacier Atlas of Canada), and 114 miscellaneous scale
(1:2,500 to 1:125,000) maps of selected glaciers of Canada were published
by governmental agencies and academic institutions. Satellite images, com-
bined with digital-elevation models (DEMs) using geographic information
systems (GIS) technology, are being used to produce new types of maps of
Canada’s glaciers. Roger D. Wheate, Robert W. Sidjak, and Garnet T. Whyte
provide examples of the application of these technologies to two glaciers in
the Interior Ranges and Rocky Mountains.

Until the preparation of this volume on the glaciers of Canada, the last
effort to carry out a comprehensive review of the glacierized regions of Can-
ada was done by William O. Field and his colleagues at the American Geo-
graphical Society (AGS) in the two-volume “Mountain Glaciers of the
Northern Hemisphere,” which also included an atlas containing 49 plates
(Field, 1975c¢). The two volumes and atlas were produced by the AGS under
contract with the Earth Sciences Division of the U.S. Army Engineer Topo-
graphic Laboratories and published by the Technical Information Analysis
Center, Cold Regions Research and Engineering Laboratory, U.S. Army Corps
of Engineers (Hanover, New Hampshire). (An earlier, similar atlas was pub-
lished in 1958 (Field and Associates, 1958).) They include a comprehensive
collation of published reports and maps of the glaciers of Canada (and other
glacierized regions of the Northern Hemisphere) and are an excellent source
of information from a variety of historical and modern sources. For all of the
glacierized regions of Canada, including those regions not addressed in this
volume, relevant chapters in the 1975 volumes will be cited.

In 1998, the Royal Canadian Geographical Society published, in the
November/December 1998 issue of Canadian Geographic, an article on Can-
ada’s glaciers (Anonymous, 1998) and an 8-page color map foldout (Shilts
and others, 1998). Several of the maps that appeared in the foldout map are
reproduced, with permission and with some minor modifications, in the fol-
lowing sections of the “Glaciers of Canada.” Another modern reference map
of Canada is the 1:6,000,000-scale “New Century Map of Canada” published
by Canadian Geographic in 1999 [http://www.canadiangeographic.ca]. See
also the National Atlas (of Canada) Web site at [http:/atlas.gc.ca], which
will, in the near future, carry maps from the previously noted plates of the
Glacier Atlas of Canada and contain links to available glacier-related data
bases residing in government and university archives.

Topical Sections

Two topical sections follow this introduction. The two sections, written
by C. Simon L. Ommanney, give a comprehensive review of “History of Gla-
cier Investigations in Canada” and “Mapping Canada’s Glaciers.” The latter
review is followed by a subsection on “Mapping Glaciers in the Interior
Ranges and Rocky Mountains with Landsat Data,” by Roger D. Wheate,
Robert W. Sidjak, and Garnet T. Whyte.

GLACIERS OF CANADA J3



Glaciers of the Arctic Islands

The glaciers of the Canadian Arctic represent the largest area
(151,057 kim®) and volume of glacier ice in Canada and include about 5
percent of the glacierized area of the Northern Hemisphere (fig. 1, and
fig. 1 in “Glaciers of the High Arctic Islands™). Ice caps and ice fields and
associated outlet glaciers and smaller glaciers are present on several of the
Queen Elizabeth Islands (Ellesmere, Axel Heiberg, Meighen, Coburg,
Devon, and North Kent Islands, Nunavut, and in the western part of
Melville Island, Northwest Territories) (Mercer, 1975b). Roy M. Koerner, in
“Glaciers of the High Arctic Islands,” describes both dynamic and stagnant
ice caps. These ice caps exhibit a very slow response to climate change.
Even though the last 150 years have been the warmest in the past millen-
nium, only very slight changes in area and volume of the ice caps can be
discerned.

Martin O. Jeffries describes historic and modern changes in the section
“Ellesmere Island Ice Shelves and Ice Islands,” including the use of Landsat
MSS, RADARSAT synthetic aperture radar (SAR) and SPOT haute resolu-
tion visible (HRV) images to document changes in the ice shelves and ice
plugs (multiyear landfast sea ice) that are located on the northwestern
coast of Ellesmere Island. Although the ice shelves have been present since
the middle Holocene Epoch, they were much more extensive in the past.
The 20th century warming interval has resulted in a significant reduction in
their areal extent.

The glaciers of the Canadian Low Arctic are located on Baffin and Bylot
Islands (Mercer, 1975a). About 45 percent of Bylot Island (4,859 km?) is
covered by glaciers (see the book’s cover). On Baffin Island, glaciers are
found on the northern and eastern coasts, from the northeastern part of the
Brodeur and Borden Peninsulas to the eastern part of the Hall and Meta
Incognita Peninsulas, Nunavut (fig. 1 in “Glaciers of Baffin Island™). John T.
Andrews addresses the geographic distribution and types of glaciers (ice
caps and ice fields and associated outlet glaciers and smaller glaciers) in
“Glaciers of Baffin Island,” with specific reference to the two large ice caps,
Barnes Ice Cap (5,935 km®) and Penny Ice Cap (5,960 km?); he concludes
these two ice masses contain ice that represents the last remnants of the
Laurentide Ice Sheet (fig. 2). He also concludes that the Barnes Ice Cap is
slowly shrinking, a recession that could accelerate if significant regional cli-
mate warming were to occur. Gerald Holdsworth, in his discussion entitled
“Barnes Ice Cap: Geomorphology and Thermodynamics,” confirms that a
whitish marginal strip of ice at the ice-cap margin has a 8'%0 isotope value
that indicates a late Pleistocene Epoch (Wisconsinan) age of the ice. John
D. Jacobs examines “Late 20th Century Change of the Barnes Ice Cap Mar-
gin,” using both Landsat and RADARSAT SAR images to document reces-
sion of Lewis Glacier and the calving ice-front in Gee Lake. Figure 3 and
table 2 show the optimum Landsat 1, 2, and 3 MSS and RBV images of the
glaciers of the Arctic Islands.

The southernmost glaciers in eastern North America are located in the
Torngat Mountains, Labrador, Newfoundland (fig. 1), but are not discussed
in this chapter. Fahn (1975) states that most of the glaciers are cirque gla-
ciers that form clusters on the slopes of the highest peaks. She further
notes that the 1975 climatic conditions in the Torngat Mountains are mar-
ginal and that the glaciers have been receding since the end of the “Little
Ice Age” (LIA).

Unpublished work by Ommanney (written commun., 2001) summarized
the body of knowledge on the distribution of a significant number of rock
glaciers in Labrador. Ommanney (written commun., 2001) and his col-
leagues also mapped one glacieret on the Québec side of the provincial bor-
der with Labrador, so there is (or was?) at least one glacier(et) in Québec.
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TABLE 2.—Optimum Landsat 1, 2, and 3 MSS and RBV images of the glaciers of the Arctic Islands of Canada—Continued

Solar

Nominal Landsat levati Cloud
Path-Row scene center identification Date elevation Code cover Remarks
(lat-long) number ( d?glzrggzis) (percent)
23-12 67°59'N. 20911-15165 21 Jul 77 41 ‘ 0
68°52'W.
24~10 70°35'N. 20912-15214 22 Jul 77 39 ‘ 0
66°28'W.
2411 69°17'N. 20912-15221 22 Jul 77 40 ‘ 0
68°29'W.
25-10 70°35'N. 11850-14380 16 Aug 77 30 . 0
67°54'W.
25-11 69°17'N. 11850-14382 16 Aug 77 31 . 5 Southeastern end of Barnes Ice Cap
69°55'W.
26-10 70°35'N. 21292-15355 06 Aug 78 ~36 . 0
69°20'W.
26-11 69°17'N. 21328-15380 11 Sep 78 22 10 Southeastern end of Barnes Ice Cap
71°21'W. Q
26-11 69°17'N. 30721-15514 24 Feb 80 10 O 30 Landsat 3 RBV; subscene B used for Andrews’
T1°21'W. AB figure 15
27-10 70°35'N. 1379-16124 06 Aug 73 36 . 0 Barnes Ice Cap
70°46'W.
27-11 69°17'N. 1379-16130 06 Aug 73 37 . 0 Barnes Ice Cap
T2°48'W.
27-11 69°17'N. 30722-15572 25 Feb 80 ~11 ’ 0 Barnes Ice Cap; Landsat 3 RBV
T2°48'W. B,C
28-09 71°50'N. 10380-16180 07 Aug 73 35 ’ 0
69°54'W.,
28-10 70°35'N. 10380-16182 07 Aug 73 36 . 0 Barnes Ice Cap; image used for Andrews’ figure 5
72°12'W.
28-10 70°35'N. 30525-16065 12 Aug 79 32 . 0 Barnes Ice Cap; image used for Andrews’ figure 8A
72°12'W,
28-11 69°17'N. 10380-16185 07 Aug 73 37 . 0 Barnes Ice Cap
74°14'W.
28-11 69°17'N. 30525-16071 12 Aug 79 33 . 0 Barnes Ice Cap
T4°14'W.
29-09 71°50'N. 30526-16120 13 Aug 79 31 O 20
T1°20'W.
29-10 70°35'N. 11119-15585 16 Aug 75 33 . 0
73°38'W.
29-10 70°35'N. 30526-16122 13 Aug 79 30 . 0-20 Landsat 3 RBV
73°38'W. B,D
30-09 71°50'N. 11855-15054 21 Aug 77 28 . 0 Extensive snow cover
T2°46'W.
30-09 71°50'N. 30491-16174 D 09 Jul 79 41 . 0 Landsat 3 RBV
T2°46'W.
30-10 70°35'N. 11855-15060 21 Aug 77 29 . 5 Barnes Ice Cap
75°04'W.
30-10 70°35'N. 30491-16181 B 09 Jul 79 41 . 0 Landsat 3 RBV
75°04'W.
30-10 70°35'N. 30725-16141 D 28 Feb 80 11 O 20 Landsat 3 RBV
75°04'W.
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TABLE 2.—Optimum Landsat 1, 2, and 3 MSS and RBV images of the glaciers of the Arctic Islands of Canada—Continued

Solar

Nominal Landsat levati Cloud

Path-Row scene center identification Date € eval on Code cover Remarks
(lat-long) number « diléfezs) (percent)

31-09 71°50'N. 11463-15471 25 Jul 76 37 O 15
74°13'W.

31-09 71°50'N. 30646-16232 02 Sep 79 26 O 15-20 Landsat 3 RBV
74°13'W. G, D

31-10 70°35'N. 1146316473 25 Jul 76 37 ‘ 0
76°30'W.

32-08 73°04'N. 11464-15522 26 Jul 76 36 ‘ 0
73°03'W.

32-09 71°50'N. 11857-15170 23 Aug 77 27 O 40
75°39'W.

32-09 71°50'N. 30547-16290 03 Sep 79 25-26 ’ 0-10 Landsat 3 RBV
75°39'W. ABCD

33-08 73°04'N. 1403-16455 30 Aug 73 26 . 0
74°29'W.

33-09 71°50'N. 1403-16461 30 Aug 73 27 . 0 Image used for Andrews’ figure 4
77°05'W.

33-09 71°50'N. 30548-16345 04 Sep 79 25-26 O 20-30 Landsat 3 RBV
77°05'W. A B CD

34-08 73°04'N. 11841-15294 07 Aug 77 32 o 50
75°55'W.

34-09 71°50'N. 1404-16515 31 Aug 73 27 . 0
78°31'W.

34-09 71°50'N. 30549-16403 05 Sep 79 25 O 20-50 Landsat 3 RBV
78°31'W. A'B

35-08 73°04'N. 11842-15352 08 Aug 77 31 O 15
77°21'W.

35-08 73°04'N. 30586-16445 12 Oct 79 10 10-20 Landsat 3 RBV
77°21'W. C,D O

35-09 71°50'N. 11125-16323 22 Aug 75 30 O 20
79°67T'W.

35-09 71°50'N. 305686-16452 12 Oct 79 10 O 2040 Landsat 3 RBV
79°5T'W. A B

36-08 73°04'N. 20204-16513 14 Aug 75 31 . 0 Bylot Island
78°4T'W,

36-08 73°04'N. 30173-165625D 25 Aug 78 28 O 20 Landsat 3 RBV
78°47'W.

36-09 71°50'N. 11468-16152 30 Jul 76 35 ‘ 0
81°23'W.

37-07 74°16'N. 20943-16332 22 Aug 77 27 . 0
77°14'W.

37-07 74°16'N. 305616-16572D 03 Aug 79 33 O 50 Landsat 3 RBV
77°14'W.

37-08 73°04'N. 20943-16335 22 Aug 77 28 . 0 Image used for Andrews’ figure 3
80°13'W.

37-09 71°50'N. 20943-16341 22 Aug 77 29 . 0
82°49'W.

38-06 75°25'N. 20944-16384 23 Aug 77 26 ‘ 0
75°14'W.
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TABLE 2.—Optimum Landsat 1, 2, and 3 MSS and RBV images of the glaciers of the Arctic Islands of Canada—Continued

Solar

Nominal Landsat levati Cloud

Path-Row scene center identification Date € eval on Code cover Remarks
(lat-long) number ¢ dzgfefes) (percent)

38-07 74°16'N. 20926-16400 05 Aug 77 32 O 50 Eastern end of Devon Island
78°40'W.

38-08 73°04'N. 11827-15540 24 Jul 77 35 10
81°39'W.

38-08 73°04'N. 30589-17020 15 Oct 79 9 10-20 Landsat 3 RBV
81°39'W. C,D O

38-09 71°50'N. 30589-17023 15 Oct 79 9 ‘ 0 Landsat 3 RBV
84°15'W. AB

39-06 75°25'N. 11147-16525 13 Sep 75 19 ‘ 0
76°40'W.

39-07 74°16'N. 20207-17081 17 Aug 75 29 O 15
80°06'W.

39-08 73°04'N. 1733-17123 26 Jul 74 36 10
83°05'W. O

39-08 73°04'N. 30482-17091 30 Jun 79 40 ‘ 0 Landsat 3 RBV
83°05'W. ABCD

40-05 76°31'N. 11130-165691 27 Aug 75 24 ‘ 0
74°08'W.

40-06 75°25'N. 11130-16593 27 Aug 75 25 10 Eastern end of Devon Island
78°06'W. O

40-07 74°16'N. 11130-17000 27 Aug 75 26 ‘ 0 Eastern end of Devon Island
81°32'W.

40-08 73°04'N. 11130-17002 27 Aug 75 27 O 15
84°31'W.

41-05 76°31'N. 20209-17184 19 Aug 75 26 O 40 Southeastern corner of Ellesmere Island
75°34'W.

41-06 75°25'N. 20551-17124 26 Jul 76 34 . 5 Devon Ice Cap
79°33'W.

41-07 74°16'N. 20551-17130 26 Jul 76 35 . 0 Extensive snow cover
82°58'W.

41-08 73°04'N. 21307-17015 21 Aug 78 ~28 ’ 5
85°57'W.

42-05 76°31'N. 20948-17010 27 Aug 77 24 10 Southeastern corner of Ellesmere Island
T7°00'W. O

42-06 75°25'N. 20948-17012 27 Aug 77 25 O 25 Devon Ice Cap
80°59'W.

4207 74°16'N. 1376-17372 03 Aug 73 33 10 EDC
84°24'W. O

43-04 77°33'N. 20553-17231 28 Jul 76 31 ‘ 5
73°49'W.

43-05 76°31'N. 205563-17234 28 Jul 76 32 10
T8, 9

43-06 75°25'N. 205563-17240 28 Jul 76 34 O 30 Devon Ice Cap
82°25'W.

43-07 74°16'N. 20553-17243 28 Jul 76 35 . 0 Extensive snow cover
85°50'W.
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TABLE 2.—Optimum Landsat 1, 2, and 3 MSS and RBV images of the glaciers of the Arctic Islands of Canada—Continued

Solar

Nominal Landsat levati Cloud

Path-Row  scene center identification Date elevation Code cover Remarks
(lat-long) number ( dzl;iis) (percent)

44-03 78°29'N. 20554-17283 29 Jul 76 30 . 5
69°53'W.

44-04 T7°33'N. 11458-17000 20 Jul 76 33 . 0 Extensive snow cover
75°15'W.

44-05 76°31'N. 11458-17003 20 Jul 76 34 10 Extensive snow cover
9°53W. )

44-06 75°25'N. 30523-17365 10 Aug 79 28 O 20 Image used for Koerner’s figure 2
83°51'W.

44-07 74°16'N. 1378-17485 05 Aug 73 32 ‘ 0 EDC
87°17'W.

45-03 78°29'N. 20555-17341 30 Jul 76 30 O 25
71°19'W.

45-04 77°33'N. 11459-17054 21 Jul 76 33 . 0 Extensive snow cover
76°41'W.

45-05 76°31'N. 11459-17060 21 Jul 76 34 10 Extensive snow cover
SI°10W. 9

45-06 75°25'N. 20951-17183 30 Aug 77 23 10 Extensive snow cover
85°17'W. 0

45-07 74°16'N. 30524-17430 11 Aug 79 29 . 0
88°43'W.

46-03 78°29'N. 11514-17063 14 Sep 76 15 . 0 Eastern side of Ellesmere Island
72°45'W.

46-04 77°33'N. 1758-17500 20 Aug 74 25 . 0 Eastern side of Ellesmere Island; image used for
78°07'W. Koerner’s figure 5

46-05 76°31'N. 1758-17503 20 Aug 74 26 . 0 Southeastern corner of Ellesmere Island
82°45'W.

46-05 76°31'N. 3056117473 17 Sep 79 15-16 10-20 Landsat 3 RBV
82°45'W. A,B,D 0

46-06 75°25'N. 1758-17505 20 Aug 74 27 . 0
86°43'W.

46-07 74°16'N. 1758-17512 20 Aug 74 28 . 0
90°09'W.

47-02 79°19'N. 2520-17403 25 Jun 76 33 O 20 EDC; Landsat 2 RBV
67°56'W.

47-03 78°29'N. 11461-17163 23 Jul 76 32 . 0 Extensive snow cover
T4°11'W.

47-04 77°33'N. 11854-16411 20 Aug 77 25 10 Southeastern Ellesmere Island
79°33'W. 0

47-05 76°31'N. 1149717142 28 Aug 76 23 O 15
84°11'W.

47-06 75°25'N. 30184-17552 05 Sep 78 ~20 O 40 Devon Island
88°09'W.

4707 74°16'N. 1399-18054 26 Aug 73 26 . 0 Extensive snow cover
91°35'W.

48-02 79°19'N. 2558-17505 02 Aug 76 27 O 30 EDC; Landsat 2 RBV
69°22'W.
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TABLE 2.—Optimum Landsat 1, 2, and 3 MSS and RBV images of the glaciers of the Arctic Islands of Canada—Continued

Norinal Landsat Solar Cloud

Path-Row scene center identification Date elevation Code cover Remarks
(lat-long) number it dzgfiis) (percent)

48-03 78°29'N. 1760-18010 22 Aug 74 23 . 0 Ellesmere Island; Prince of Wales Icefield; image
75°37'W. used for Koerner’s figure 5

48-04 T7°33'N. 1760-18013 22 Aug 74 24 . 0 Ellesmere Island; Prince of Wales Icefield
81°00'W.

48-05 76°31'N. 1760-18015 22 Aug 74 25 O 10 Ellesmere Island; Sydkap Ice Cap; image used for
85°37'W. Koerner’s figure 4

48-06 75°25'N. 1760-18022 22 Aug 74 26 O 40
89°35'W.

49-02 79°19'N. 2559-17563 03 Aug 76 27 . 0 EDC
70°48'W.

49-03 78°29'N. 20559-17570 03 Aug 76 29 10 Ellesmere Island; Prince of Wales Icefield
77°03'W. 0

49-04 77°33'N. 20559-17573 03 Aug 76 30 O 40 Ellesmere Island; Prince of Wales Icefield
82°26'W.

49-04 77°33'N. 30546-18043 D 02 Sep 79 21 O 30 Landsat 3 RBV
82°26'W.

49-05 76°31'N. 11463-17284 25 Jul 76 33 . 0 Ellesmere Island; Sydkap Ice Cap
87°03'W.

49-05 76°31'N. 30546-18050 02 Sep 79 21-22 10 Landsat 3 RBV
87°03'W. B,D 0

50-01 80°01'N. 261418002 27 Sep 76 6 O 50 EDC
65°04'W.

50-02 79°19'N. 2597-18070 10 Sep 76 14 O 50 EDC
T2°14'W,

50-03 T78°29'N. 30511-18100 29 Jul 79 28 10 Ellesmere Island; Prince of Wales Icefield
78°29'W. 0

50-04 T7°33'N. 11839-17000 05 Aug 77 29 10 Ellesmere Island; Sydkap Ice Cap
83°52'W. O

50-04 77°33'N. 30187-18114 08 Sep 78 18 10-50 Landsat 3 RBY
83°52'W. A'B 0

50-05 76°31'N. 11839-17002 05 Aug 77 30 . 0
88°29'W.

51-01 80°01'N. 2548-18361 23 Jul 76 27 10 EDC; northeastern Ellesmere Island; Landsat 2 RBV
66°30'W. O

51-02 79°19'N. 2543-18083 18 Jul 76 31 . 0 EDC; northeastern Ellesmere Island; Landsat 2 RBV
73°40'W.

51-03 78°29'N. 11465-17391 27 Jul 76 31 . 5 Ellesmere Island; Prince of Wales Icefield
79°55'W.

51-04 77°33'N. 11465-17394 27 Jul 76 32 . 5
85°18'W.

51-04 77°33'N. 30206-18174 27 Sep 78 11 O 20 Landsat 3 RBV
85°18'W. B,D

51-05 76°31'N. 11465-17400 27 Jul 76 33 10
89°55'W. 0

52-01 80°01'N. 254418135 19 Jul 76 29 . 0 EDC; northeastern Ellesmere Island; Landsat 2 RBV
67°56'W.
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TABLE 2.—Optimum Landsat 1, 2, and 3 MSS and RBV images of the glaciers of the Arctic Islands of Canada—Continued

Solar

Nominal Landsat 1 - Cloud

Path-Row scene center identification Date € evatllon Code cover Remarks
(lat-long) number (¢ d:gfeec;s) (percent)

52-02 79°19'N. 20544-18142 19 Jul 76 31 10
75°06'W. O

52-02 79°19'N. 30531-18211D 18 Aug 79 24 O 70 Landsat 3 RBV
75°06'W.

52-03 78°29'N. 20904-17595 14 Jul 77 33 ‘ 0
81°21'W.

52-03 78°29'N. 30521-18213 B 18 Aug 79 24 o 20 Landsat 3 RBV
81°21'W.

52-04 77°33'N. 2090418002 14 Jul 77 34 10
86°44'W. O

52-04 77°33'N. 30207-18232 28 Sep 78 10 O 20-30 Landsat 3 RBV
86°44'W. B,D

52-05 76°31'N. 20904-18004 14 Jul 77 35 . 0
91°21'W.

53-01 80°01'N. 2550-18474 25 Jul 76 27 . 5 EDC; Landsat 2 RBV
69°22'W.

53-02 79°19'N. 11860-17141 26 Aug 77 21 . 5
76°32'W.

53-03 78°29'N. 11860-17144 26 Aug 77 22 . 0
82°47'W.

53-03 78°29'N. 21265-18063 10 Jul 78 ~34 . 0 Ablation area visible
82°47'W.

53-03 78°29'N. 30208-18284 29 Sep 78 9 1040 Landsat 3 RBV
82°47'W. C,D O

53-04 77°33'N. 30514-18274 01 Aug 79 28 O 30
88°10'W.

53-04 77°33'N. 30208-18291D 29 Sep 78 10 O 20 Landsat 3 RBV
88°10'W.

53-05 76°31'N. 30514-18280 01 Aug 79 29 . 0
92°47'W.

54-01 80°01'N. 2583-18295 27 Aug 76 18 . 0 EDC; Ellesmere Island; eastern Agassiz Ice Cap;
70°48'W. Landsat 2 RBV

54-02 79°19'N. 11843-17214 09 Aug 77 26 . 5
77°58'W.

54-02 79°19'N. 30191-18335 12 Sep 78 14 10-20 Landsat 3 RBV
77°58'W. C,D O

54-03 78°29'N. 21644-18270 24 Jul 79 29 O 20
84°13'W.

54-03 78°29'N. 30191-18342 12 Sep 78 15 10-30 Landsat 3 RBV
84°13'W. B,D O

54-04 T7°33'N. 20546-18263 21 Jul 76 33 . 0
89°36'W.

54-05 76°31'N. 20924-18111 03 Aug 77 31 . 0
94°13'W.

55-01 80°01'N. 2601-18292 14 Sep 76 11 . 0 EDC; Ellesmere Island; Agassiz Ice Cap; Landsat 2
72°14'W. RBV
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TABLE 2.—Optimum Landsat 1, 2, and 3 MSS and RBV images of the glaciers of the Arctic Islands of Canada—Continued

Solar

Nominal Landsat levati Cloud
Path-Row scene center identification Date elev gllon Code cover Remarks
(lat-long) number ( dzzreis) (percent)
55-02 79°19'N. 11109-18251 06 Aug 75 27 ‘ 0
79°24'W,
5502 79°19'N. 30192-18394 13 Sep 78 14 O 20-50 Landsat 3 RBV
79°24'W. C,D
55-03 78°29'N. 30516-18384 03 Aug 79 27 10 Southern Axel Heiberg Island
85°30'W 9
55-03 78°29'N. 30516-18384 03 Aug 79 27 ‘ 0-5 Southern Axel Heiberg Island; Landsat 3 RBV
85°39'W. B,C,D
55-04 77°33'N. 30516-18391 03 Aug 79 28 ‘ 0
91°02'W.
55-04 77°33'N. 30516-18391 03 Aug 79 28 ‘ 0 Landsat 3 RBV
91°02'W. AD
55-05 76°31'N. 1371-18511 29 Jul 73 ~31 O 50 EDC
95°39'W.
56-01 80°01'N. 2591-19151 04 Sep 76 14 10 EDC; Ellesmere Island; Agassiz Ice Cap; Landsat 2
73°40'W. 0 RBV
56-02 T9°19'N. 20548-18371 23 Jul 76 30 . 0
80°50'W.
56-03 78°29'N. 20926-18214 05 Aug 77 28 O 20 Southern Axel Heiberg Island
87°05'W.
56-03 78°29'N. 20548-18373 23 Jul 76 31 ‘ 0 Southern Axel Heiberg Island
87°05'W.
56-04 77°33'N. 30517-18445 04 Aug 79 27 . 0
92°28'W,
57-01 80°01'N. 2548-18364 23 Jul 76 29 . 0 EDC; Ellesmere Island; Agassiz Ice Cap; Landsat 2
75°06'W. RBV
57-01 80°01'N. 2609-19144 22 Sep 76 7 10 EDC; Ellesmere Island; Agassiz Ice Cap; Landsat 2
75°06'W. O RBV
57-02 79°19'N. 11864-17364 30 Aug 77 20 10
82°16W, 9
57-03 78°29'N. 20945-18262 24 Aug 77 22 ‘ 0 Southern Axel Heiberg Island
88°31'W.
58-01 80°01'N. 2550-18480 25 Jul 76 28 ‘ 0 EDC; Ellesmere Island; Agassiz Ice Cap; Landsat 2
76°32'W. RBV, image used for Koerner's figure 8
58-02 79°19'N. 20550-18483 25 Jul 76 30 . 0
83°42'W.
58-02 79°19'N. 30123-18560 06 Jul 78 33 10 Landsat 3 RBV
83°42'W. B, C O
58-03 78°29'N. 20154-18563 25 Jun 75 35 ‘ 0 Southern Axel Heiberg Island
89°57'W.
58-03 78°29'N. 30123-18563 A 06 Jul 78 34 O 20 Landsat 3 RBV
89°57'W.
59-01 80°01'N. 20551-18535 26 Jul 76 28 ‘ 0 Ellesmere Island; Agassiz Ice Cap
77°58'W.
59-02 79°19'N. 20551-18541 26 Jul 76 30 ‘ 0
85°08'W.
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TABLE 2.—Optimum Landsat 1, 2, and 3 MSS and RBV images of the glaciers of the Arctic Islands of Canada—Continued

Solar

Nominal Landsat levati Cloud

Path-Row scene center identification Date elevation Code cover Remarks
(lat-long) number ¢ dizrgelsis) (percent)

59-03 78°29'N. 20947-18374 26 Aug 77 22 . 0 Southern Axel Heiberg Island
91°23'W.

60-01 80°01'N. 20552-18593 27 Jul 76 28 10 Ellesmere Island; Agassiz Ice Cap
79°24'W. 0

60-02 79°19'N. 20948-18430 27 Aug 77 20 ‘ 5 Axel Heiberg Island
86°34'W.

60-03 78°29'N. 20948-18432 27 Aug 77 21 . 0
92°49'W.

61-01 80°01'N. 2596-19434 09 Sep 76 12 O 20 EDC; Landsat 2 RBV
80°50'W.

61-01 80°01'N. 30198-19134 C 19 Sep 78 10 O 20 Landsat 3 RBV
80°50'W.

61-02 79°19'N. 20949-18484 28 Aug 77 20 . 0 Axel Heiberg Island
88°00'W.

61-03 78°29'N. 20949-18490 28 Aug 77 21 . 0
94°15'W.

62-01 80°01'N. 2559-19390 03 Aug 76 25 . 5 EDC; Landsat 2 RBV
82°16'W.

6202 79°19'N. 20950-18542 29 Aug 77 20 . 0 Axel Heiberg Island; image used for Koerner’s
89°27'W. figure 7

62-03 78°29'N. 20950-18545 29 Aug 77 21 . 0
95°42'W.

63-01 80°01'N. 2196-19292 06 Aug 75 25 . 0 EDC; Ellesmere Island
83°42'W.

63-02 79°19'N. 2196-19295 06 Aug 75 26 10 EDC; Axel Heiberg Island
90°53'W. O

6303 78°29'N. 30506-19243 24 Jul 79 29 ‘ 0
97°08'W.

64-01 80°01'N. 1758-19320 20 Aug 74 21 ‘ 0
85°08'W.

64-02 79°19'N. 20196-19295 06 Aug 75 27 10 Axel Heiberg Island
92°19W, 9

64-06 75°25'N. 216564-19254 03 Aug 79 30 ‘ 0 Melville Island

112°32'W.

65-01 80°01'N. 1759-19375 21 Aug 74 21 ’ 5
86°35'W.

65-02 79°19'N. 30508-19354 26 Jul 79 27 O 20
93°45'W.

65-02 79°19'N. 30202-19365 23 Sep 78 ~9 O 40-69 Landsat 3 RBV
93°45'W. A'B

65-06 75°25'N. 1723-19411 16 Jul 74 36 o 20

113°58'W.

6601 80°01'N. 1760-19433 22 Aug 74 21 ‘ 5 Axel Heiberg Island
88°01'W.

66-01 80°01'N. 30563-19403 19 Sep 79 10 ’ 0 Axel Heiberg Island; Landsat 3 RBV
88°01'W. C,D
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TABLE 4.—Optimum Landsat 1, 2, and 3 MSS and RBV images of glaciers of the Coast and St. Elias Mountains of Canada

[The images archived by the Canada Centre for Remote Sensing (CCRS) are not identified on the CCRS Website (http:/www.ccrs.nrcan.ge.ca) by Landsat identification number but can be located by
path (track), row (frame), and date. The images archived by the EROS Data Center (EDC) (http://earthexplorer.usgs.gov) are no longer located or ordered by the Landsat identification mmber on the
image but by a different entity number that incorporates satellite number, path, row, and date]

Solar

Nominal Landsat levati Cloud

Path-Row  scene center identification Date elevation Code cover Remarks
(lat-long) number ( dzfgl%l;;s) (percent)

50-25 50°09'N.  2596-18105 09 Sep 76 39 ‘ 0
121°08'W.

50-26 48°44'N.  2596-18111 09 Sep 76 40 ‘ 0 Garibaldi Park area
121°46'W.

51-24 51°34'N.  1385-18360 12 Aug 73 48 . 0
121°53'W.

51-25 50°09'N.  1385-18362 12 Aug 73 49 . 0 Pemberton Icefield
122°34'W.

52-24 51°34'N.  5877-17154 12 Sep 77 30 . 0
123°19'W.

52-25 50°09'N.  5841-17195 07 Aug 77 40 . 0 Pemberton and Homathko Icefields
124°00'W.

52-26 48°44'N.  1764-18332 26 Aug 74 45 . 0 Vancouver Island
124°38'W.

53-23 52°58'N.  1027-18472 19 Aug 72 46 . 0
124°03'W.

53-24 51°34'N.  1027-18475 19 Aug 72 43 ‘ 0 Klinaklini Glacier, Mount Waddington, Homathko Icefield
124°45'W.

53-25 50°09'N.  2203-18360 13 Aug 75 48 ‘ 0
125°26'W.

54-23 52°58'N.  1766-18433 28 Aug 74 42 ‘ 0
125°29'W,

54-24 51°34'N.  1766-18435 28 Aug 74 43 ‘ 0 Monarch Icefield, Klinaklini Glacier, Mount Waddington
126°11'W,

54-25 50°09'N.  1766-18442 28 Aug 74 44 ‘ 0 Vancouver Island
126°52'W.

5522 54°22'N.  1767-18484 29 Aug 74 40 ‘ 0
126°10'W.

55-23 52°68'N.  1767-18491 29 Aug 74 41 . 0
126°55'W.

55-24 51°34'N.  1767-18493 29 Aug 74 42 . 0
127°37'W.

56-21 55°45'N.  1768-18540 30 Aug 74 39 . 0
126°48'W.

56-22 54°22'N.  1768-18543 30 Aug 74 40 . 0
127°36'W.

56-23 52°58'N.  1768-18545 30 Aug 74 41 ‘ 0
128°21'W.

57-20 57°08'N.  1769-18592 31 Aug 74 38 10
127°23'W. Q

57-21 55°45'N.  1769-185%4 31 Aug 74 39 ’ 0 Cambria Icefield
128°14'W. :

57-22 54°22'N.  1769-19001 31 Aug 74 40 ’ 0
129°02'W.

57-23 52°58'N.  1049-19101 10 Sep 72 38 O 50
129°47'W.
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TABLE 4—Optimum Landsat 1, 2, and 3 MSS and RBV images of glaciers of the Coast and St. Elias Mountains of Canada—Continued

Nominal Landsat ISOIZI Cloud

Path-Row  scene center identification Date elevation Code cover Remarks
(lat-long) number ( digrgéZS) (percent)

58-20 57°08'N.  1770-19050 01 Sep 74 38 . 0
128°49'W.

58-21 55°45'N.  21288-18435 02 Aug 78 45 . 0 Cambria Icefield; image used for Coast Mountains, figure 2
129°40'W.

58-22 54°22'N.  1788-19050 19 Sep 74 33 10
130°28'W. O

59-20 57°08'N.  5848-17571 14 Aug 77 36 . 5
130°15'W.

59-21 55°45'N.  5848-17574 14 Aug 77 36 . 0
131°06'W.

60-19 58°31'N.  1772-19160 03 Sep 74 36 . 0
130°47'W.

60-20 57°08'N.  1722-19162 03 Sep 74 37 . 0 Stikine Icefield; image used for Coast Mountains, figure 3
131°41'W.

61-19 58°31'N.  5850-18080 16 Aug 77 35 O 25 Juneau Ice Field, Canadian glaciers cloudfree
132°13'W.

61-20 57°08'N.  2931-18571 10 Aug 77 42 O 15 Stikine Icefield, Canadian glaciers cloudfree
133°07'W.

62-18 59°54'N.  21670-19193 19 Aug 79 39 O 20 Archived by CCRS!
132°41'W.

62-19 58°31'N.  21670-19195 19 Aug79 40 10
133°39'W. O

63-18 59°54'N.  1775-19324 06 Sep 74 34 10
134°07'W. O

63-19 58°31'N.  1775-19330 06 Sep 74 35 . 0 Juneau Ice Field
135°05'W.

64-18 59°54'N.  30147-19373  30Jul 78 45 . 0
135°33'W.

64-18 59°564'N.  1416-19473 12 Sep 73 32 . 0 Band 6 evaluated, Band 7 missing
135°33'W.

64-19 58°31'N.  30147-19375  30Jul 78 46 . 0 Glacier Bay
136°31'W.

64-19 58°31'N.  1416-19480 12 Sep 73 33 . 0 Glacier Bay
136°31'W.

65-17 61°16'N.  1417-19525 13 Sep 73 30 ‘ 0
135°56'W.

65-18 59°54'N.  1417-19531 13 Sep 73 32 . 0 Image used for St. Elias Mountains, figures 9 and 12
136°59'W.

65-19 58°31'N.  1417-19534 13 Sep 73 33 ‘ 0
137°57'W.

66-17 61°16'N.  21314-19293 28 Aug 78 35 . 0 Archived by CCRS
137°22'W.

66-18 50°54'N.  21314-19295 28 Aug 78 36 ‘ 0 Image used for St. Elias Mountains, figures 1, 9, and 12
138°25'W.

66-18 59°54'N.  30167-19491 19 Aug 78 39 O 10 Landsat 3 RBV; subscene A used for St. Elias Mountains,
138°25'W. A CD figure 6; archived by USGS Glacier Studies Project

67-17 61°16'N.  2955-19285 03 Sep 77 32 . 0 Image used for St. Elias Mountains, figures 2 and 4
138°48'W.
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GLACIERS OF NORTH AMERICA-

GLACIERS OF CANADA

HISTORY OF GLACIER INVESTIGATIONS IN CANADA

By C. SIMON L. OMMANNEY!

Abstract

Because of extensive high mountain ranges (peaks nearly 6,000 meters above sea level in
western Canada) and high latitude (latitude 83° North in the High Arctic Islands), Canada has
a large number of glacierized regions; the area covered by glaciers increases from south to
north along the border with Alaska in the west and from Labrador to Ellesmere Island in the
east. Glaciers cover an estimated 150,000 square kilometers of the Arctic Islands, three times
the glacier cover in western Canada (about 50,000 square kilometers), for an approximate
total area, of 200,000 square kilometers. The principal glacierized regions of Canada are the
mountain groups of the Coast Mountains: St. Elias Mountains, Boundary Ranges, and Pacific
Ranges; Interior Ranges; Rocky Mountains; and Arctic Islands: Baffin Island, Devon Island,
Ellesmere Island, Axel Heiberg Island, Meighen Island, and Melville Island. The first field
observations of Canadian glaciers were made in 1861. During the past 140 years, various
types of glaciological measurements, from observations in the field to airborne and satellite
remote sensing, have been made, for varying periods of time, of 176 individual glaciers,
including 13 glaciers in Yukon Territory (St. Elias Mountains), 63 glaciers in the Coast Moun-
tains, 10 glaciers in the Interior Ranges, 27 glaciers in the Rocky Mountains, 41 glaciers in the
High Arctic, 10 glaciers in the Low Arctic, and 5 glaciers in Labrador (Torngat Mountains).
Seven other glaciers have been studied but are outside these mountain ranges and are not
discussed. Most of the studies of mass-balance, modeling, dendrochronology, climatology, ice
chemistry and physics, ice-core analysis, glacier-surge mechanics, and airborne and satellite
remote sensing were carried out during the past 50 years, stimulated by the need for
increased knowledge of water resources in the western glacierized basins and to support sci-
entific work during the International Geophysical Year (1945 to middle 1950's), increased
knowledge of Arctic Canada, a response to security and sovereignty concerns (middle 1950’s
to the middle 1960's), and by the International Hydrological Decade (middle 1960’s to the
1970’s). During the 1990’s governmental support of glacier research in Canada waned, but by
the beginning of the 21st century, the Geological Survey of Canada initiated a National Glaci-
ology Programme, including a Cryospheric Systems Research Initiative (CRYSYS), motivated
by achieving a better scientific understanding of the potential impact of climate change on
Canada’s water resources and the Arctic region. With the increased availability of the higher
spatial and spectral resolution in satellite imagery (including stereoscopic imagery), radar
imagery (including InSAR), and laser altimetry, glaciologists will increasingly rely on satellite
remote sensing to acquire some of the data needed to monitor changes in area and volume
and glacier velocity.

Occurrence of Glaciers

The Canadian landmass, extending from long 53°W. to 141°W. and from
lat 42°N. to 83°N., has an area of almost 10 million km® The mountains
range up to a height of nearly 6,000 m above sea level and contain a variety
of environments suitable for the development and maintenance of glaciers.

Manuscript approved for publication 7 March 2002.

! International Glaciological Society, Lensfield Road, Cambridge CB2 1ER, England (formerly with the
National Hydrology Research Institute [now the National Hydrology Research Centre], Environment Can-
ada, Saskatoon, Saskatchewan S7TN 3H5, Canada).
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Field, in his memorable study of mountain glaciers, described the glacier
distribution and reported on much of the work done on them (Field,
1975¢); work on the glaciers was last updated by Ommanney (1996). Small
glaciers are found on both continental margins, in the Torngats of Labrador
(Fahn, 1975), and in the central mountains of Vancouver Island (Omman-
ney, 1972a). Larger glacier masses are found in the Rocky Mountains (Den-
ton, 1975a), the Interior Ranges (Coleman, 1921; Denton, 1975¢), and the
Coast Mountains (Denton, 1975b). The glaciers get progressively larger as
one moves north along the “Panhandle” (Field, 1975a), the boundary
between British Columbia and Alaska. The size continues to increase
through the Juneau Icefield region up to the Yukon Territory (Ommanney,
1993) and the Icefield Ranges (Field, 1975b, 1990), which contain large gla-
cier systems such as the Seward Glacier [11],% (Post and LaChapelle, 1971)
(table 1, fig. 1). Some smaller outliers are found in the eastern Yukon Terri-
tory and western District of Mackenzie (Northwest Territories) (Horvath,
1975). The variety of the landscapes encountered can be seen in Dunbar
and Greenaway (1956), Post and LaChapelle (1971), Slaney (1981), Prest
(1983), and Mollard and Janes (1984).

The mean height of the equilibrium line of the glaciers rises steadily as
one crosses the mountains from west to east, from about 1,700 m in the
Coast Mountains to more than 2,700 m in the Rockies, reflecting a conti-
nentality effect. Moving northward, the glaciers increase in size and
reach to lower elevations, demonstrating a latitudinal effect due to the
lowering of mean annual temperature as one moves toward the North
Pole. This effect is best seen in the eastern Arctic, where the mean
height of the equilibrium line declines from some 700 m on Baffin Island
virtually to sea level at the Ward Hunt Ice Shelf [120] (table 2, fig. 2). Gla-
ciers in the eastern Arctic are distributed along the mountain and fjord
coast of Baffin Island (Ives, 1967c), with bigger concentrations of ice in
the Barnes [164] and Penny [168] Ice Caps (Mercer, 1975a). Such con-
centrations become larger and more common farther north. Axel Heiberg
Island, Ellesmere Island, and Devon Island are partially covered by large
ice fields and ice caps several thousand square kilometers in size (Mer-
cer, 19756b). The regional characteristics of glaciation levels, snowlines,
and equilibrium lines throughout Canada have been described by @strem
(1966a, 1972, 1973b), Andrews and Miller (1972), Bradley (1975) and
Miller and others (1975).

Figure 1 shows the distribution of glaciers in western Canada. The num-
bers in this figure refer to those in table 1 and identify the locations of spe-
cific glaciers mentioned in the text or for which some historical information
is summarized in the table. The numbers are given in the text in square
brackets after the glacier names to aid the reader in identifying their geo-
graphic location. Figure 2 and table 2 provides the same information for the
glaciers of arctic and eastern Canada.

To aid in the management of its glacier resources, the Canadian govern-
ment initiated a comprehensive inventory of all Canadian glaciers in the
1960’s. The inventory was a contribution to the International Hydrological
Decade (IHD) and also to the International Hydrological Programme (IHP)
(Ommanney, 1980). However, no recent measurement of the total area of
Canada’s glaciers has been made. A summary of the best available informa-
tion (Ommanney, 1971a) shows that about three-quarters of Canada’s per-
manent ice masses, some 150,000 km?, is found in the eastern Arctic, with
the balance lying on the mainland, chiefly in the Yukon Territory and British
Columbia (Ommanney, 1989) (table 3).

2 Numbers in brackets refer to tables 1 and 2 and to figures 1 and 2.
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Figure 1—(opposite page) The glaciers of
western Canada. Numbers on the map
correlate to the numbered glaciers in
table 1. The areas shown in darker green
are national parks and other protected
areas; the areas shown in purple are gla-
ciers. Modified from map in Canadian
Geographic (Shilts and others, 1998).
Used with permission.









TABLE 1.—Summary of historical information on glaciers of western Canada (see also fig. 1)—Continued
[x, variations; 0, mass balance; *, variations and mass balance; z, other studies; s, other, some mass balance; m, other, some variations; ?, missing glacier area and location data; italicized place-names are variant

names and names not listed in the CPCGN/CGNDB?]

COAST MOUNTAINS

49. Pathetic Glacier
50. Friendly Glacier
51. Hourglass Glacier
52. Tchaikazan Glacier
53. Sykora Glacier

54. Bridge Glacier
55. Zavisha Glacier
56. Berm Glacier
57. Havoc Glacier
58. Wave Glacier

59. Surf Glacier

60. Terrific Glacier

61. Clendenning Glacier
62. Place Glacier

63. Wedgemount Glacier
64. Caltha Lake Glacier

65. Boomerang Glacier
66. Brandy Bowl Glacier
67. Horstman Glacier

68. Overlord Glacier

69. Helm Glacier

70. Sphinx Glacier

7
72. Thunderclap Glacier
73. Griffin Glacier

74. Staircase Glacier

75. Gl de Fleur des Neiges
76. Moving Glacier

=

Sentinel Glacier

INTERIOR RANGES

77. Silvertip Glacier
78. Haworth Glacier
79. Sir Sandford Glacier
80. Illecillewaet Glacier
81. Asulkan Glacier

82. Woolsey Glacier

83. Bugaboo Glacier

84. Commander Glacier
85. Toby Glacier

86. Kokanee Glacier

ROCKY MOUNTAINS

87. Robson Glacier

88. Small River Glacier
89. Angel Glacier

90. Scott Glacier

91. East Chaba Glacier

92. Saskatachewan Glacier
93. Athabasca Glacier

94. Columbia Icefield

95. Colurnbia Glacier

Latitude
North
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North
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TABLE 1.—Summary of historical information on glaciers of western Canada (see also fig. 1)—Continued
[x, variations; o, mass balance; *, variations and mass balance; z, other studies; s, other, some mass balance; m, other, some variations; ?, missing glacier area and location data; italicized place-names are variant

names and names not listed in the CPCGN/CGNDB?)

ROCKY MOUNTAINS Latitude
North

96. Boundary Glacier 52°11.5'
97. Dome Glacier 52°12.1
98. Hilda Glacier 52°11.0"
99. Cline Glacier 52°05.0'
100. Southeast Lyell Gla-  51°54.5'

cier

101. Ram River Glacier 51°51.0'
102. Freshfield Glacier 51°45.8'
103. Peyto Glacier 51°40.6'
104. Bow Glacier 51°38.9'
105. Yoho Glacier 51°36.0'
106. Hector Glacier 51°35.7'
107. Drummond Glacier 51°35.5'
108. Emerald Glacier 51°30.0'
109. Cathedral Glacier 51°24.3'
110. Victoria Glacier 51°22.8'
111. Wenkchemna Glacier 51°18.7'
112. Robertson Glacier 50°44.0'
113. Rae Glacier 50°37.4'
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TABLE 2.—Summary of historical information on glaciers of arctic and eastern Canada (see also fig. 2)
[x, variations; o, mass balance; *, variations and mass balance; z, other studies; s, other, some mass balance; m, other, some variations; ?, missing glacier area data; italicized place-names are variant names and names not listed

in the CPCGN/CGNDB’]
HIGH ARCTIC Latitude  Longitude km® 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000
North West
120. Ward Hunt Ice Shelf (Elles) 83°07.2'  73°30.3' 660. .. e e e 222 022200000  0000000.. 000000....
121. Ward Hunt Ice Rise (Elles) 83°07.0'  74°10.0' 32. .00 0000000000 000000C...  000000...
122. Milne Glacier (Elles) 82°24.0'  8§0°00.0' 900. X v X e Xewo e
123. Gilman Glacier (Elles) 82°05.8'  70°36.9' 480. ...000 0000000000 O,
124. Muskox Glacier (Elles) 82°05.0'  86°10.0' 2 e
125. Unnamed Ice Cap (Elles) 81°57.3'  64°12.0" TH ol s e e ....00.. 0000000...
126. Per Ardua Glacier (Elles) 81°31.0'  76°27.0' A3 s e e e ...000000 Q0.... ...
127. Otto Glacier (Elles) 81°20.0'  84°15.0' 1018. Ko e e
128. Hare Fiord Glacier (Elles) 81°08.5'  82°20.0' ? I S X
129. Webber Glacier (Elles) 80°55.0'  82°10.0' 123, e A
130. Gnome Glacier (Elles) 80°54.5'  82°23.5' 31 e X
131. Dwarf Glacier (Elles) 80°54.0'  82°30.3' 43 X
132. Midget Glacier (Elles) 80°53.7  82°37.3' B0 s s e e e e X
133. Arklio Glacier (Elles) 80°53.6'  82°44.0' T2 e e X
134. Okpuddyshao Glacier (Elles) 80°53.1'  82°50.9 5.0 i e e e e e X
136. Nukapingwa Glacier (Elles) 80°52.9' 82°58.1' 48 WX
136. Van Royen Glacier (Elles) 80°53.2'  83°10.5' 1L L L X .
137. Shirley Glacier (Elles) 80°50.0'  83°25.0' 2 L2
138. Blackwelder Ice Cap (Elles)  80°38.0'  85°00.0' 117. o
139. Agassiz Ice Cap (Elles) 80°25.0'  75°00.0' 17326. ... .8888 SSSSSSSSSS  SSSSSSSSS.
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water-transfer disputes with the United States as flow in the Columbia
River declines. If a warming climate creates more demand for energy, the
hydroelectric-generating companies may be obliged to revisit some of their
earlier proposals. All of these situations involve glaciers and may lead to
the restoration of some previous studies and the initiation of new ones.
However, as qualified and experienced scientists retire, a new generation of
glaciologists will need to be trained.

Interest in past and present climates is expected to continue and even
increase. Impact and adaptation studies funded by the Government of Can-
ada’s Climate Change Action Fund indicate renewed interest in water
resources, including glacier hydrology. The Canadian CRYSYS (Cryospheric
Systems Research Initiative), a Canadian contribution to the National Aero-
nautics and Space Administration Earth Observing System (EOS) Program,
includes a glacier/ice cap theme as part of a government/university partner-
ship. In the first decade of the 21st century, we will probably see a redrilling
on the Agassiz Ice Cap [139]. Additional drilling programs are in the plan-
ning stage for Barnes Ice Cap, Baffin Island, and on Mt. Oxford, Ellesmere
Island, Nunavat. After a long and patient wait we can also expect Trapridge
Glacier [4] to surge and, thanks to all the preparatory work that has been
done by Garry Clarke and his colleagues, to provide valuable new insights
into the mechanism of surging glaciers, perhaps finally answering the ques-
tion “why do some glaciers surge and what are the process(es) that cause
some glaciers to surge?”

A promising recent development has been the establishment of a
National Glaciology Programme (NGP) in the Terrain Sciences Division,
Geological Survey of Canada (GSC), Natural Resources Canada. In 2001, a
new ice core from a glacier on Mount Logan was obtained as part of this
program. The NGP of the GSC also provides a national correspondent (Can-
ada) to the World Glacier Monitoring Service, Ziirich, Switzerland, who is
responsible for the annual submission of glaciological data, including fluctu-
ation of glaciers in Canada, and mass-balance data from the Place, Peyto,
Helm, and White Glaciers. Glaciologists with the NGP (GSC) and the Inter-
national Glaciological Society (Cambridge, England, U.K.) also provided
information for the special issue of Canadian Geographic on Canada’s gla-
ciers (Anonymous, 1998), including a fold-out map on the Glaciers of Can-
ada (Shilts and others, 1998).
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Abstract

The extent and nature of the mapping of Canada’s glaciers from the middle 1940’ to the
middle 1990’s, covering terminus surveys and sketch maps to higher order, large-scale maps
(Swiss-style publication quality) and stereo-orthophoto maps, are traced.

Introduction

In 1965, at the time of the first Symposium on Glacier Mapping, Canada
was experiencing a remarkable flourishing of glacier-mapping activity. Papers
at the symposium, by Blachut and Miiller, and Konecny and Arnold (Gun-
ning, 1966), reported on some of the developments at that time. The subse-
quent 20 years saw major developments in the large-scale mapping of
Canada’s glaciers, in which the Photogrammetric Research Section of the
National Research Council of Canada (PRS-NRCC), the Department of Sur-
veying Engineering of the University of New Brunswick, and the Glaciology
Division of Environment Canada were the most significant contributors. A
discussion of the maps produced by these agencies and others permits a gen-
eral review of the growth and decline of this activity but does not necessarily
reflect the overall history of glacier studies in Canada. In addition, there has
been a replacement of the old system of mapping with a use of DEM and sat-
ellite images. Many of these maps appear in journal articles or reports and are
in digital format.

Glacier Maps of Canada (1:1,000,000 Scale)

The decision to map Canada’s glaciers at a scale of 1:1,000,000 arose
from the need of the Geographical Branch, Department of Mines, to have

Manuscript approved for publication, 7 March 2002.

! International Glaciological Society, Lensfield Road, Cambridge CB2 1ER, England, UK. (formerly
with the National Hydrology Research Institute [now the National Hydrology Research Centre], Environ-
ment Canada, 11 Innovation Boulevard, Saskatoon, Saskatchewan S7N 3H5, Canada).

® Faculty of Natural Resources and Environmental Studies, 3333 University Way, University of North-
ern British Columbia, Prince George, British Columbia V2N 479, Canada.
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TABLE 1.—Glacier maps of Canada (1:1,000,000 scale)

[Abbreviations used: DEMR, Department of Energy, Mines and Resources; DMTS, Department of Mines and Technical Surveys; GEOG, Geographical Branch; IWB, Inland Waters Branch; NTS,

National Topographic Series)

Glacier map name Number Contours Survey date Production agency Glacier representation
Southern British Columbia and Alberta.............. 1WB 1000 none date of NTS base map GEOG, DMTS  Purple glaciers on white
Nowther British Columbla.and southeasieit  ryp 1001 none  dateof NTSbasemap  IWB,DEMR  Purple glaciers on white
Yukon Territory and District of Mackenzie........  1WB 1002 none date of NTS base map IWB, DEMR Purple glaciers on white
Southern Baffin Island and northern

Labrador Peninsula.........c..coveveveeveinirereesenane. IWB 1006 none date of NTS base map IWB, DEMR White glaciers on brown
Northern Baffin Islandl............coooeeveereoerervererenees IWB 1005 none  date of NTS base map IWB, DEMR White glaciers on brown
Southern Queen Elizabeth Islands....................... 1WB 1004 none date of NTS base map IWB, DEMR White glaciers on brown
Northern Queen Elizabeth Islands....................... 1WB 1003 none date of NTS base map IWB, DEMR White glaciers on brown

! Included in map supplement to Journal of Glaciology, v. 9, no. 55, 1970.

small-scale maps available that were suitable for planning glaciological
research and accurately depicting the geographic distribution of glaciers. A
study was made in the middle 1960’s on the representation of glaciers on
topographic maps published at various scales, particularly how glacier
information was generalized. Glaciers were delineated with heavy black-ink
lines on the best available maps in 1965 and reduced to the common scale
(Falconer and others, 1966). One surprise from the study was the conclu-
sion that small-scale maps may depict glaciers better than large-scale maps
(see fig. 2 in Falconer and others, 1966). The three maps of the western
cordillera show glaciers in purple on a white background (a combination
that was thought to give the best visual contrast, even for small glaciers),
whereas on the four Arctic maps, glaciers are white on a brown background
(Henoch and Stanley, 1968a, b, 1970; table 1). The maps have been used to
complement the standard topographic maps (Henoch, 1969) primarily for
plotting information such as glaciation levels, equilibrium lines, ice-cored
moraines, transient snowlines, and glacier mass balance (@strem, 1973;
Miller and others, 1975); as base maps for the National Atlas of Canada (see
Fremlin and Mindak, 1968); and for use in schools.

Glacier Atlas of Canada (1:500,000 Scale)

Much more detailed information on all glaciers was subsequently com-
piled through the Canadian glacier inventory. Until 1972, identification
numbers and basin designations were published in individual sheets of
the Glacier Atlas of Canada. Modified 1:250,000-scale National Topo-
graphic System (NTS) maps formed the basis for the four-color plates.
Glaciers appear in a blue vignette within their hydrological basins, and the
maps are bordered in brown (fig. 1). Ommanney (1980) described the
program, and the maps published (Ommanney, 1989) are listed in table 2.
The series was used in compiling the base map (1:2,000,000 scale) for the
5th edition of the National Atlas of Canada,® published at a scale of
1:7,600,000 on which glaciers are shown with a light purple vignette (Gos-
son, 1985), and subsequently for educational maps (Royal Canadian Geo-
graphical Society, 1998).

3 The 6th edition of the National Atlas of Canada is available online at the following URL address:
{http://atlas.gc.ca/].
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TABLE 3.—Water Survey of Canada Glacier Map Series—Continued
[DEMR, Department of Energy, Mines and Resources; DFE, Department of Fisheries and the Environment; DNANR, Department of Northern Affairs and National Resources; DOE, Department of the
Environment; IWB, Inland Waters Branch; IWD, Inland Waters Directorate; UNB, University of New Brunswick; USGS, United States Geological Survey; WRB, Water Resources Branch]

Glacier map name Number Scale Contours Survey date(s) Production agency Glacier representationl
Kokanee Glacier.. 14 1:2,500 20 ft 17 Aug 1964 WRB, DNANR C
Kokanee Glacier................ 24 1:2,600 20 ft 7 and 8 Aug 1966 IWB, DEMR C
Kokanee Glacier................ 3A4  1:2,500 20/50 ft 5 and 6 Aug 1968 IWB, DEMR B
Kokanee Glacier 3B4  1:2,500 5and 10m 5 and 6 Aug 1968 IWB, DEMR A
Kokanee Glacier 4-4 1:2,500 S5and 10m 23 and 26 Aug 1970  IWD, DOE A
Kokanee Glacier 54 1:2,500 5and10m 24 and 25 Aug 1972 IWD, DOE A
Kokanee Glacier?............ 84  1:2,500 5m 17 Aug 1978 IWD, DOE A
Nadakini Glacier 1-3 1:2,500 20 ft 26 Jul 1964 WRB, DNANR C
Nadahini Glacier .. 2-3 1:5,000 20 ft 16 Aug 1966 IWB, DEMR C
Nadahini Glacier 3A-3  1:5,000 20and 50 ft 16 Aug 1968 IWB, DEMR A
Nadahini Glacier 3B-3  1:5,000 5and 1I0m 16 Aug 1968 IWB, DEMR A
Nadahini Glacier 4-3 1:5,000 5and I0m 3 Sep 1970 IWD, DOE A
Nadahini Glacier 5-3 1:5,000 5and 10m 12 Aug 1972 IWD, DOE A
Nadahini Glacier 6-3 1:5,000 5 and 10 m 16 and 17 Aug 1974 IWD, DOE A
Nadahini Glacier 7-3 1:5,000 5and 10m 12 Aug 1976 IWD, DOE A
Nadahini Glacier 8-3 1:5,000 5and 10m 10 Aug 1978 IWD, DOE A
Saskatchewan Glacier? ....... 1:24,000 50 ft 1954 and 1963 USGS, UNB, IWB Blue/red overprint of 2 years
Saskatchewan Glacier* 1:20,000 10 ft 29 Jul 1963 IWB, DEMR, UNB Black print, moraine stipple
Saskatchewan Glacier .......... 1-7 1:10,000 20 ft 27 Jul 1965 IWB, DEMR C
Saskatchewan Glacier 2-7 1:10,000 20 ft 26 Jul 1967 IWB, DEMR A
Saskatchewan Glacier 3-7 1:10,000 10/50 ft 30 Jul 1969 IWB, DEMR A
Saskatchewan Glacier 4-7 1:10,000 5andb0m  9and 10 Aug 1971 IWD, DOE B
. Saskatchewan Glacier 5-7 1:10,000 5andb0m 1,9, 10 Aug 1973 IWD, DOE B
Saskatchewan Glacier .......... 6-7 1:10,000 10/50 m 28 Aug 1975 IWD, DFE B
Saskatchewan Glacier 7-7 1:10,000 10/60 m 14 Aug 1977 IWD, DFE B
Saskatchewan Glacier 8-7 1:10,000 5and50m 9 and 10 Aug 1979 IWD, DFE B
Sentinel Glacier ................ 1-1 1:2,500 20 ft 3 Sep 1964 WRB, DNANR C
Sentinel Glacier ................ 2-1 1:2,500 20 ft 21 Aug 1966 IWB, DEMR C
Sentinel Glacier ................ 3A-1  1:2500 20 ft 24 Aug 1968 IWB, DEMR A
Sentinel Glacier ................ 3B-1 1:2,500 5m 24 Aug 1968 IWB, DEMR A
Sentinel Glacier............... 4-1 1:2,500 5m 11 and 12 Sep 1970 IWD, DOE A
Sentinel Glacier ... 5~1 1:2,500 5m 20 Aug 1972 IWD, DOE A
Sentinel Glacier® ............. 8-1 1:2,500 5m 15 Aug 1978 IWD, DOE A
Sphirx Glacier .................. 1-2 1:5,000 50 ft 3 Sep 1964 WRB, DNANR C
Sphirx Glacier 22 1:5,000 25 ft 22 Aug 1966 IWB, DEMR C
Sphinx Glacier 3A-2  1:5,000 25 ft 26 Aug 1968 IWB, DEMR A
Sphinx Glacier 3B-2 1:5,000 10m 26 Aug 1968 IWB, DEMR A
Sphinx Glacier.................. 4-2 1:5,000 10 m 9 and 10 Sep 1970 IWD, DOE A
Sphinx Glacier................. 5-2 1:5,000 10m 18 and 19 Aug 1972 IWD, DOE A
Sphinx Glacier?®... 7-2  1:5,000 10m 17 Aug 1976 IWD, DFE A
Sphinx Glacier .................. 8-2 1:5,000 10m 13 Aug 1978 IWD, DOE A

L A, Glaciers shown in a screened solid blue, off-ice areas in a solid buff color, contours on land and ice are gray with form lines used in the accumulation areas
where adequate control is lacking. Seasonal snow cover and accumulation areas are shown in a blue stipple; old snout positions shown with a dotted line and the
respective date. Symbols are used for measurement stakes and ablation mounds. B, Same as A but includes moraines depicted using a black stipple. C, Glaciers shown
in a screened solid blue, off-ice areas are uncolored, contours on land are brown and on ice are blue with form lines used in the accumulation areas where adequate
control is lacking. Seasonal snow cover and accumulation areas are shown in a blue stipple. Symbols are used for measurement stakes and ablation mounds. D,
Glaciers shown in a screened solid blue, off-ice areas in a solid buff color, contours on land and ice are brown with form lines used in the accumulation areas where
adequate control is lacking. Seasonal snow cover and accumulation areas are shown in a blue stipple, old snout positions shown with a dotted line and the respective
date. Symbols are used for measurement stakes and ablation mounds. From 1976, the glacier maps were published in a bilingual format.

“ Map included in supplement to 1970-1975 Permanent Service on the Fluctuation of Glaciers (PSFG) report (Miifler, 1977).

“ No maps made for 1974 and 1976 because of snow cover.

* Map included in supplement to Proceedings of Glacier Mapping Symposium (Gunning, 1966).

® No map made for 1974 because of snow cover.
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Salmon Glacier

The PRS-NRCC has probably had a greater impact on glacier mapping in
Canada than any other agency. Initially involved with the University of Tor-
onto International Geophysical Year (IGY) Expedition, they developed and
applied aerial photogrammetric techniques appropriate for mapping the
lower part of Salmon Glacier (1:25,000/20 m),> British Columbia, and its
terminus (1:12,500/20 m).? The color maps (five discrete colors) were pub-
lished in conjunction with a detailed report on the survey by Haumann
(1960). The photogrammetric base was used for assessing volumetric
changes between 1949 and 1957. Details of these and subsequent maps dis-
cussed in the following paragraphs are shown in table 4.

TABLE 4.—Miscellaneous glacier maps of Canada

[Abbreviations: AINA, Arctic Institute of North America; ASE, Army Survey Establishment; BCIT, British Columbia Institute of Technology; DEMR , Department of Energy, Mines and Resources;
DMTS, Department of Mines and Technical Surveys; DOE, Department of the Environment; DRB, Defence Research Board, Department of National Defence, Ottawa; EC, Environment Canada; ETH-
Ziirich, Eidgendssische Technische Hochschule, Ziirich, Switzerland; FEC, Fisheries and Environment Canada; FGER, Foundation for Glacier and Environmental Research, Glaciological and Arctic
Sciences Institute, Juneau, Alaska; Gestalt, Gestalt International Limited, Vancouver, B.C.; GD, Glaciology Division; IPTUK, Institut fiir Photogrammetrie und Topographie der Universitiit Karlsruhe,
Germany; IWB, Inland Waters Branch; IWD, Inland Waters Directorate; McGill, McGill University, Montréal, Québec; NGS, National Geographic Society, Washington D.C., U.S.A,; NHRI, National
Hydrology Research Institute; NRCC, Photogrammetric Section, Division of Physics, National Research Council of Canada; NVE, Norges Vassdrags-og Energiverk, Oslo, Norway; Parks, Parks Canada;
SMB, Surveys and Mapping Branch, Department of Energy, Mines and Resources; TUH, Technical University of Hannover, German; UNB, University of New Brunswick; U of T, University of Toronto;
AP, aerial photogrammetry; BP, bedrock portrayal; BW, black and white; MC, multi-colored; RS, relief shading; TP, terrestrial photogrammetry; mor., moraine; cont., contours; glac., glacier; struct.,
structural; crev, crevasses; unpub., unpublished; spot elev., spot elevations]

Glacier map name Number Scale Contours  Survey date(s) Production agency Glacier representation
Athabasca Glacier.........c.cococvvuneene. Orthophoto map
Baby Glacier ..........coeeeninirinincnne 1:5,000 5m 2 Aug 1960 McGill, NRCC, ASE 2-color, AP, mor. stipple
Berendon Glacier..........cooceveuvvenee IWB 1009 1:10,000 1020 m 22 Aug 1968 IWB, DMTS 4-color, AP, blue/brown cont.
Glacier at Cathedral Peak............... 1:5,000 5m 13 Aug 1975 FGER (1976), TUH 3-color, TP, RS, mor. stipple
Cathedral Massif Glacier and Mauelshagen and Slu-

forefield ......cccoeovmrereernecrrereisnnnanne 1:5,000 10 m 13 Aug 1975 petzky (1985) MC, AP, blue/brown cont.
Cathedral Massif, Atlin Provincial

Park....ovceiccieneececrcne 1:20,000 100 ft Cialek (1977)
Centennial Range ........ccceevvvvennnee. MCR.7 1:125,000 500 ft from 1:250,000 DEMR 4-color, AP, RS

maps
Columbia Icefield ...........cceevuvevneee IWD 1011 1:50,000 20 m NHRI, Parks, DOE MC, RS, BP, AP + text
Crusoe Glacier Tonguel................. 1:5,000 5m 2 Aug 1960 NRCC, McGill, DMTS  2-color, RS, blue glac., AP
Decade Glacier ........coeveeveereernenne 1:10,000 10m IWB, DMTS BW, AP, unpublished ozalid
d'Iberville Glacier......ccooveevrerrvennnne 1:50,000  none GD, EC BW
Fox Glacier .......cococeovemvenrennenan 115F/01 1:10,000 10m ASE, DMTS AP, unpublished ozalid
Part of Grinnell Glacier 1:20,000 10/20 m NVE (1991) 3-color, green glac., AP
Hare Fiord Glacier ...........cccocvevenen. 1:20,000 20m 1958 and 1978 Rommer and Hell 2-color, MC, blue glac., AP
(1936)

Lowell Glacier.......ouinerivierenenns 1:50,000 20 m 17 Aug 1974 IWD, DOE 3-color, RS on glac., AP
Meighen Ice Cap! .......cccoooeerrrennec. 69H/560B 1:25,000 5m 5 Aug 1960 DMTS MC, AP, subglacier contours
Meighen Island N 172! ..................... 69G-H/660B  1:50,000 10m 5 Aug 1959 DMTS MC, AP, subglacier contours
Meighen Island S 1/2%.......ccooonn...... 69 G-H 1:50,000 10 m 5 Aug 1959 DMTS MC, AP, subglacier contours
Mount LOZan ........ccuvevnvevecenresinnne 1:10,000 20 m 11 Aug 1972 IWD, FEC 2-color, AP, RS, BP
Mount LOgan ........cccveeeeeernenervncecnne 1:10,000 20 m 1992 NHRI BW, line map
Mount Logan .......ccoeeevvveeeeerereiennnns 1:10,000 20 m 1993 AINA 2-color relief
The Massif of Mount Hubbard,

Mount Alverstone, and Mount NGS© (1968), UNB, 2-color (blue and gray), AP,

Kennedy.........cocvenernnncerecnenes 1:31,680 100 ft 1965 SMB RS, BP

5 Scale of map and contour interval on the glacier.
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With the proliferation of personal computers and growth in their
storage capacity, the future may see much greater use of digital terrain
models and satellite images by individual glaciologists. Optical disks
permit the storing, exchange, and analysis of photographic and carto-
graphic information so that the printed thematic map may become a
collector’s item.

We know that the next generation of satellites will be capable of pro-
viding greatly improved spectral and spatial resolution and more cur-
rent information on glaciers. The technology for analysis of this
information using personal computers is developing rapidly.

Although the heyday of the printed glacier map may be past in Can-
ada, there are exciting prospects and challenges ahead for glaciologists
in digital cartography, GIS, and analysis of remotely sensed data.
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Canadian High Arctic ice caps, both dynamic and stagnant, respond only very slowly
to changes in climate. Ice cores contain records of environmental change during the
past 100 thousand years, temperatures ranging from -20° C to +2.5° C. The last 150
years have been the warmest in the past 1,000 years, but only slight changes in area
and volume (mass-balance) of ice caps are evident
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Velocity

Glacier motion has been measured by various methods. Arnold (1965,
1968, 1981) used traditional field surveying and photogrammetric tech-
niques on Meighen Ice Cap, Gilman Glacier (Ellesmere Island), and White
Glacier (Axel Heiberg Island), whereas Doake and others (1976) used
radio-echosounding techniques at the top of Devon Ice Cap. The results of
these and other measurements are shown in table 1. New approaches to
measuring velocity, such as the Global Positioning System (GPS) of satel-
lites and satellite radar interferometric (InSAR) techniques are quickly
expanding the present slim velocity data base.

Velocities in this area are generally of the order of 10-50 m a™. However,
velocity in summer can be as much as twice as high as in winter (table 1).
This can be attributed to the presence of meltwater at the glacier bed in
summer (Iken, 1974) and indicates that parts of some glaciers are at the
melting point at their beds. Calculations of basal temperatures using known
ice thicknesses and 10-15-m englacier temperatures (Miiller, 1976; Pater-
sul, 1994), as well as measured basal temperatures (Blatter, 1987), confirm
the unfrozen basal condition of many High Arctic glaciers.

Omne consequence of relatively low glacier velocities (strictly speaking,
low strain rates) is that, compared to glaciers in other areas of the world,
many of these glaciers are not very crevassed. Sverdrup Glacier, although it
is the major outlet for ice from the northwest side of the Devon lce Cap, is a
good example (fig. 3). Another example is the crevasse-free ice cap above,
and to the east of, Sverdrup Glacier (fig. 3, (D)).

A few glaciers in the High Arctic, however, maintain high veloci-
ties, and probably comparably high strain rates, in their lower reaches
and are more crevassed. Good examples are the glaciers draining the
west side of Agassiz Ice Cap (fig. 8, (A), (C), and (D)). Using aerial
photographs, Holdsworth (1977) calculated tongue velocities of more
than 400 m a™! on one of them (D'Tberville Glacier; (D), fig. 8; table 1).
These glaciers act as the major outlets for Agassiz Ice Cap and drain
large catchment areas.

Calving of the glaciers in the High Arctic islands has not received
much attention. Although it certainly does not rule it out, very little
photographic evidence exists of calving. For example, we can see very

TABLE 1.—Velocity measurements (winter-summer) of selected Canadian High Arctic glaciers on

Axel Heiberg Island, northern Ellesmere Island, central Ellesmere Island, and Devon Island
[Note that Meighen Ice Cap and Melville ice caps are stagnant. See figure 1 for locations. Abbreviations: L., island; N., northern; C., central;
do, ditto; Accum., accumulation area; Eq. line, equilibrium line; Abl., ablation area; <, less than; leaders (- -), not determined. Data archived
at the Geological Survey of Canada, 601 Booth Street, Ottawa, Ontario K1A 0ES, Canada]

Location Glacier mzﬂﬁyter m ;?l;)‘f:ju er Lo;ii;i(i);lron Reference

Axel Heiberg . ~ White <13.0 -- Accum. Miiller, 1963b

..... do........... .....do.. 24.5 -- Eq. line Do.
o do.......... 21.4 44.0 Abl. Do.

..... do.. B (o SO 104 -- Tongue Do.

..... do........... Thompson 47.0 51.0 Abl. Do.

N. EllesmereI.  Gilman 14.8 0 Accum. Arnold, 1968

IR [ RO IO [ RO 22.9 22.2 Eg. line Do.

..... do........... [T« [ T 19.6 -- Abl. Do.

C.Ellesmerel.  D'Iberville 457.0 500.0 Tongue Holdsworth, 1977

..... do...c.oeuene Leffert 40.0 -- do Gerald Holdsworth,

oral commun., 1984
Devon Island Devon Ice Cap 24 -- Top of ice cap Doake and others, 1976
..... do........... Sverdrup 36.4 65.0 Abl Cress and Wyness, 1961
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few icebergs adjacent to Sverdrup Glacier (fig. 3). Most of the icebergs
that enter the shipping lanes south of here off the coast of Newfound-
land are from the west coast of Greenland. New studies are needed to
determine the importance of calving in this area.

Thickness

The ice thickness of Canadian High Arctic ice caps has been measured
by radio-echosounding techniques (Hattersley-Smith and others, 1969;
Paterson and Koerner, 1974; Koerner, 1977b; Oswald, 1975; Narod and
Clarke, 1983). Unpublished work was done as well by the Scott Polar
Research Institute at the top of Devon Ice Cap in 1974; the work is avail-
able as maps at the GSC. Some of the results (from Koerner, 1977b) are
shown in figure 6, where the asymmetry in thickness of some of the ice
caps can be seen. This is largely attributable to high snow-accumulation
rates on the slopes facing Baffin Bay, where relatively thick ice sheets have
built up. Although not shown in Koerner (1977b), areas several kilometers
square were sounded at the tops of Agassiz Ice Cap and ice caps on Axel
Heiberg and central Ellesmere Islands. In general, the data show that at
the tops of most of the ice caps the ice is about 100-300 m thick. Down-
slope, the thickness may reach 1,000 m in channeled areas. However, the
most common thickness is approximately 500 m, even in valley glaciers.
Some of the glaciers, in their lower reaches, flow over bedrock that is
below sea level (for example, Cadogan Glacier, figs. 5 and 6). In 1995,
traverses were flown over many of the Canadian ice caps by a National
Aeronautics and Space Administration (NASA) P-3 aircraft using ice-pen-
etrating radar (160 MHz) and geodetic airborne laser altimetry. In Spring
2000, J.A. Dowdeswell (oral commun.) mapped glacier thicknesses by
using airborne radio-echosounding surveys of the Queen Elizabeth Islands’
ice caps. In May 2000, NASA, using a chartered Canadian Twin Otter air-
craft, resurveyed ice caps on Ellesmere Island, Axel Heiberg Island, Devon
Island, and Baffin Island, Nunavut. When published, all of these data will
greatly extend our knowledge of ice-cap volumes in the Queen Elizabeth
Islands. The NASA surveys also constitute a valuable baseline for monitor-
ing the changing geometry of ice caps in an era of predicted global warm-
ing. The NASA ice-penetrating-radar data are available on the NASA web-
site at [http://tornado.rsl.ukans.edu/1995.htm].

Stagnant Ice Caps

The smallest ice caps have no outlet glaciers. Traditional surveying and
also ice-fabric analysis indicate that they are stagnant. Examples of these
ice caps are shown in figure 3 ((A), (B), (E), and (F)). The first work on
these ice caps was done on Meighen Ice Cap (fig. 9) by Arnold (1965),
Koerner (1968), and Paterson (1969). Surveying of markers, over a 2-year
period, by Arnold (1965) showed no evidence for movement. Ice-fabric
analysis of an ice core from the same ice cap suggested that it has been
stagnant throughout its history (Koerner, 1968). Similar ice-fabric work at
the edge of a smaller ice cap on Devon Island (fig. 3, (B); R.M. Koerner,
unpublished data, 1984) suggests that it too has always been stagnant. It,
therefore, seems reasonable to consider that ice caps of similar and smaller
size are, and always have been, stagnant. Their past and present stagnant
nature puts limits on the maximum dimensions that they may have reached
during their lifetime. The oxygen isotope (8'%0) values of the basal ice in
Meighen Ice Cap are not sufficiently negative to suggest that the ice is of
Pleistocene age (Koerner and Paterson, 1974). Furthermore, it is unlikely
that any of these ice caps would have been large enough to survive the
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The surface topography of stagnant ice caps depends on the geometry of
the underlying bedrock topography, their age, and their mass-balance his-
tory. The surface profile of a stagnant ice cap is, in part, an integration of all
the annual mass-balance gradients since its inception (where the gradient
is the change in mass balance with elevation). For example, on Meighen Ice
Cap (figs. 7, 9), the north-facing slopes are much less steep than those fac-
ing south. Mass-balance measurements (IAHS/UNESCO, 1985) show that
the north slopes of Meighen Ice Cap are losing ice at a much greater rate
than the rest of the ice cap (Koerner and Lundgaard, 1995). These slopes
are unlikely to have been able to withstand long periods of warm climate
(such as the one ending at about 1 ka) and are probably much younger than
the southern part of the ice cap.

The annual cycle of ablation and accumulation on these ice caps exposes
the sedimentary (“annual growth™) layers at the surface. These bands are well
depicted in figure 3 ((A), (B), and (C)), and above parts of the east margin of
Meighen lce Cap (fig. 94). The light-colored bands are composed of fine-
grained ice. This ice forms during cold summers, when less melting and less
percolation take place than usual. An incompletely soaked, low-density, bubbly
layer is then formed. Conversely, the dark bands consist of coarse-grained ice
formed during warmer summers, when the surface snow layer becomes com-
pletely saturated before refreezing. An almost bubble-free layer is then formed
(Koerner, 1970a). Originally, each of these surface layers may cover large areas
of the ice cap. Subsequently, melting toward the outer parts of the ice cap
removes part of the layers, while accumulation further in buries the rest. This
type of banding should not be confused with foliation bands found on valley
glaciers (Hambrey and Miiller, 1978) (for example, Sverdrup Glacier, fig. 3).
Foliation is a tectonic feature formed by dynamic processes in moving ice.

Mass Balance

The mass balance of a glacier is the difference between the amount of
precipitation accumulating on the glacier and the amount that leaves as
melt or ice calving throughout the year. The glaciers where measurements
have been made between 1957 and the present (table 2) are shown in fig-
ure 1. Some of these records are more than 35 years old and are among the
longest high-latitude records in the world. Mass-balance techniques are
described by @strem and Brugman (1991). However, some of these tech-
niques do not apply to subpolar glaciers, where some of the summer snow-
melt refreezes in the firn. Here, we describe the methods used by the
Geological Survey of Canada on the Queen Elizabeth Islands’ glaciers. The
reader is referred to Geografiska Annaler (1999) for an up-to-date refer-
ence on modern methods of measurement and modeling and to Jania and
Hagen (1996) for a review (with summary annual data) of Arctic mass bal-
ance covering Alaska, Canada, Greenland, Iceland, Svalbard, northern
Scandinavia, and the Russian Arctic.

Winter Balance

To obtain winter balance, poles are drilled into the ice and firn in both
the accumulation and ablation areas; these are used as reference points.
Accumulation comes as snow throughout the winter. Each spring, snow
depths are taken by using a depth probe to the easily recognized, end-of-
melt-season, firn layer underneath. These depths, along with density mea-
surements, give the winter balance. The length of the reference poles is
measured at the same time each year.
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TABLE 2.—Glaciers in the High Arctic where mass-balance measurements have been
carried out

[Abbreviations: No., number; NW, northwest side; For explanation of italicized names, see text footnote 2 on p. J136]

Latitude Longitude

No. Glacier North West Period observed Years missed
Ellesmere Island’

1 Ward Hunt Ice Shelf 83°7' 73°30' 1960-85 1977,°78,’79

2 Ward Hunt Ice Rise 83°7' 74°10' 1958-85 1977,°78,°79

3 Gilman Glacier 82°6' 70°37 1957-69

4  Unnamed ice cap 81°57' 64°12 1966-76 1968, 69

5 Per Ardua Glacier 81°31" 76°27' 1964-71

6 Agassiz Ice Cap 80° 75° 1977-present

7 Leffert Glacier 78°41" 75°01' 1979-80

8 Unnamed glacier 78°39' 74°55' 1979-80

Coburg Island!

9  Laika Glacier 75°53' 79°5' 1973-80 1976, 77,78
10  Laika Ice Cap 75°65' 79°9" 1974-80 1976, 77,78
11 Wolf Glacier 75°54' 79°12' 1979-80

Axel Heiberg Island!
12 White Glacier 79°26' 90°40' 1959-present 1980, 81, ’82, ’83
13 Baby Glacier 79°26' 90°58' 1959~ present 1973, 1978-88

Meighen Island'

14 Meighen Ice Cap 79°57" 99°08' 1959-present 1972,’'79
Melville Island!

15 Melville South Ice Cap  75°25' 115°10' 1963-present 1968, '72, '75-"79

16  Melville West Ice Cap 75°38' 114°45' 1963-73 1968, *72

17 Melville East Ice Cap 75°39" 114°29 1963-73 1968, 72

18 Leopold Glacier 75°49' 114°49' 1963-73 1968, 72
Devon Island’

19 Devon Ice Cap (NW) 756°20' 82°30' 1961-present 1968
Baffin Island’

20 Lewis Glacier® 70°26' 74°46' 1963-65

21 BarnesIce Cap 70°10" 74°46' 1963-84

22 Decade Glacier 69°38' 69°50" 1965-73 1972

23 Akudnirmiut Glacier 67°35' 65°15' 1971-72

! See figure 1.
2 See figure 1 in “Glaciers of Baffin Island” section.
3 See figures 6 and 12 in “Glaciers of Baffin Island” section.

Maps of the winter balance in the Queen Elizabeth Islands (fig. 10) show
a very pronounced accumulation gradient running from the southeast to
the northwest across the islands. This gradient should not be interpreted in
terms of a Baffin Bay moisture source. It is rather that the major water-
vapor trajectories are from the southeast (Koerner, 1979), and they
probably have a source that is quite distant. Calculations, based on the sta-
ble isotope relationships of precipitation in the area, suggest that only 8
percent of the precipitation on the top of Devon Ice Cap is from Baffin Bay.
The pattern of snow accumulation is associated with the growth of more
dynamic glaciers in the southeast of the Queen Elizabeth Islands, that is,
those facing Baffin Bay (fig. 1). This is the only area in the islands where
major ice caps reach sea level. Elsewhere, they end on plateaus well above
sea level and reach sea level only in the form of channeled outlet glaciers,
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warming during the last 100-150 years appears to have produced the
warmest period of at least the last 1,000 years. It follows, but highlights, a
cold period (“The Little Ice Age™) ending about 150 years ago. The “Little
Ice Age,” coming at the end of an overall cooling trend, may be nothing
more than a slight cooling variation within that trend.

The Holocene pollen record, although it shows higher pollen concentra-
tions in early Holocene ice that suggest warmer conditions, also shows
increasing concentrations in the last 2,000 years. Pollen is probably not a
direct temperature proxy. Whereas the other records suggest that the thermal
maximum was in the early Holocene, it was a time when the Laurentide ice
sheet still covered a large part of Canada. What is a pollen source today was,
therefore, covered by ice at that time. An alternate early Holocene source may
have been northwestern Canada, where the tree line reached farther north
than today. Whether the late Holocene pollen increase represents a return to a
western air-mass trajectory and pollen source has not yet been determined.

Ice-core records from Severnaya Zemlya and Svalbard to the east
(Koerner, 1997) show similar Holocene 8'%0 and ice-layer records: an early
thermal maximum followed by a trend of decreasing temperatures
(Koerner, 1997). It has already been shown that glacier mass balance is
slightly negative today, which the ice-core records indicate is not as warm
as the early Holocene (fig. 15). It suggests, therefore, that ice caps and gla-
ciers must have had more strongly negative balances in the early Holocene
than today. Only two ice cores from the Severnaya Zemlya and Svalbard
group of islands show any evidence of the Pleistocene ice seen in the Cana-
dian cores (fig. 14). The evidence for Pleistocene ice from one of these
cores, Vavilov Ice Cap (Stiévenard and others, 1996), is questionable. Prob-
ably most of the Pleistocene ice caps at these sites melted during the
period of negative balance in the early Holocene; only the larger ice caps in
the Canadian islands and Academii Nauk Ice Cap on Severnaya Zemlya sur-
vived. Increasingly colder conditions, particularly during the last 5,000
years, have promoted regrowth of glaciers. They reached their maximum
extent about 150 years ago (Miiller, 1966). It was at this time that the des-
perate, but unsuccessful, attempts to open up the Northwest Passage were
made. Success was achieved by the Norwegian explorer Roald Amundsen
early this century when summer conditions promoted more open sea- ice
conditions (Koerner, 1977a; Alt, 1985).

Aerial Photographic and Satellite Image Evidence of
Glacier Fluctuations

Although ice cores are valuable in revealing climatic changes in the
past, they do not tell much, on their own, about past changes in the
dimensions of the ice caps. They show how climate changes over a broad
range of wavelengths and amplitudes with respect to time and tempera-
ture. In terms of the response of glaciers to climatic changes, the waxing
and waning of continental ice sheets is a response at one end of the spec-
trum, and the growth and disappearance of stagnant ice caps is a
response at the other end of the same spectrum. Nye (1963) and Jéhan-
nesson and others (1989) considered the problem of response times of
glaciers, times that may vary from a few years to many thousands of
years. In the Canadian High Arctic islands, one might expect a response
time of about 2,000 years on the largest dynamic ice caps without valley
outlets, such as, for example, the west side of Devon Ice Cap (fig. 2), but
one might expect an immediate response on stagnant ice caps. Thus, a
small glacier may be advancing in response to a recent climatic change
while a larger one is retreating in response to a climatic change that
ended a thousand years before. Relating these geometry changes to those
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of climate is further complicated because of our poor knowledge of the ice
volume and bedrock topography of the Queen Elizabeth Islands’ ice caps.
Extensive radio-echosounding will help enormously in this respect (J.A.
Dowdeswell, oral commun., 1999).

To examine changes in the areal extent of the Queen Elizabeth Islands’
glaciers and ice caps, we compare vertical aerial photography taken in the
1950’s with Landsat imagery taken in the 1970’s. The Landsat MSS imagery,
because of its 79-m pixel resolution, can only detect changes at the termi-
nus of glaciers over a 20 year timespan, if the changes are greater than an
average, cumulative change of 4 m a™! (Williams and others, 1997).

Dynamic Ice Caps and Outlet Glaciers

On the basis of Landsat imagery shown in figures 2, 4, 5, and 7 and the
vertical aerial photograph in figure 3, no significant marginal changes have
been found on the larger ice caps. Some measurable changes are evident in
glacier terminus positions that are mostly “increased-ablation” retreats in
response to the warmth of the 1950’s (Bradley and England, 1978). Because
the time period between the aerial photography and the Landsat images
includes part of the very warm period from 1920 to 1960, it may appear sur-
prising that relatively few measurable changes are seen at the margins of the
small glaciers. Similarly, why are some of the glaciers not advancing in
response to the cooler climate of the “Little Ice Age” (about 1550 to 1850)?
Continuing mass-balance measurements also show very few signs of warm-
ing or cooling in the eastern Canadian Arctic during the last 40 years.

The answer may be found in the low activity index of the High Arctic
glaciers. That is, the accumulation and ablation rates are relatively small
when compared with those of alpine glaciers or the maritime-nourished gla-
ciers of Alaska. Changes are, therefore, likely to be small and not detectable
by the use of 79-m pixel resolution imagery in a time period of only a few
decades. The higher resolution satellite imagery, such as the Landsat
Enhanced Thematic Mapper (ETM+) (15-m pixels), the Advanced Space-
borne Thermal Emission and Reflection Radiometer (ASTER) (15-m pix-
els), and IKONOS (1-m pixels), that is available will provide a better
opportunity to detect changes.

A few documented cases do exist, however, of glaciers that have
advanced dramatically in the High Arctic islands. One of them, the Otto
Glacier in northern Ellesmere Island (fig. 1), has been described as a surg-
ing glacier (Hattersley-Smith, 1969). This glacier advanced 2-3 km
between 1950 and 1959 and a farther 2-3 km between 1959 and 1964. The
lower part of this advancing tidewater glacier was afloat. However, because
the Otto Glacier is both a tidewater glacier and a surging glacier, the
advance may not be related to climate (Post, 1975).

Another case of a possible surging glacier is the Good Friday Bay Gla-
cier® (fig. 7). An advance of about 2 km began on this glacier between
1952 and 1959. Although some of the surface characteristics of this glacier
suggest a surge (Miiller, 1969), climatic forcing cannot be ruled out.

Figure 4 illustrates a 6.5-km retreat of a valley glacier that flows into
South Cape Fiord on southwestern Ellesmere Island. The retreat took
place between 1957 and July 1974. The retreat is associated with
increased crevassing of the surface toward the terminus. However, no
changes to surface level can be seen along the glacier. We cannot say
whether the glacier is retreating from a more common position or o a
more common position. None of the nearby glaciers has advanced or

2 The names in this section conform to the usage authorized by the Secretariat of the Canadian Perma-
nent Committee on Geographic Names (CPCGN); URL address: [http://GeoNames.NRCan.gc.ca/]. The
Website is maintained by the Secretariat through Geomatics Canada, Natural Resources Canada, and com-
bines the CPCGN server with the Canadian Geographical Names Data Base (CGNDB). Variant names and
names not listed in the CPCGN/CGNDB are shown in italics.
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Conclusions and Recommendations

The Landsat imagery (having 79-m pixel resolution) used in this chapter
is barely adequate to detect changes in the margins of the larger ice caps
during a 10- to 20-year period. Partly, this is due to the low activity index
of High Arctic glaciers. Both snow-accumulation and ice-melt rates are
small compared to those of alpine glaciers. Changes in both snowfall and ice
melt might also be small. Unlike Greenland and Antarctica, where similarly
low activity indices apply, the glaciers in the High Arctic are relatively
small, so that the kinds of dramatic changes, like massive ice-shelf calving
are not present. Stagnant ice caps, on the other hand, do show changes.
Their response to climatic change has no lag, unlike dynamic glaciers, and
marginal retreat can be directly related to summer climate even on an
annual basis. A few of the smaller stagnant ice caps, detectable in the ear-
lier aerial photography, disappeared between the 1950’s and 1970’s.

Satellite imagery is continually improving, however, and future coverage
having improved resolution, such as coverage by the Landsat 7 (ETM+)
(15-m pixel resolution), Ikonos (1-m pixel resolution), and the Global Land
Ice Mapping System (GLIMS) ASTER (15-m pixel resolution), should prove
to be valuable new tools for glacier monitoring in terms of changes in gla-
cier area. The aerial photography taken in the 1940’s and 1950’s will, there-
fore, serve as an invaluable baseline for future comparative purposes. The
recent application of satellite synthetic aperture interferometry techniques
is enabling the mapping of velocity fields on glaciers, ice caps, and ice
sheets (Mohr and others, 1998). Now, by combining interferometry and
local mass-balance and ice-radar techniques, it is proving possible to calcu-
late surface-elevation changes, as well as the velocity fields on glaciers
(Reeh and others, 1999).

Recent application of airborne laser altimetry surveys (having 0.1-m ver-
tical accuracy) to the Greenland ice sheet (Krabill and others, 1995) and
smaller circumpolar ice caps (Garvin and Williams, 1993) has already
shown its value. A repeat of a 1995 series of flightlines over the Canadian
High Arctic islands and Baffin Island in 2000 gave, for the first time, an
extensive measure of the changes in ice-cap thickness there. However, any
changes on a dynamic glacier relate to climatic change that has taken place
in the past, as well as in the present. It may prove difficult to relate those
changes of thickness to any particular period of climatic change, although
they are directly relevant to the part played by glaciers in sea-level change.

One limitation of satellite imagery over subpolar ice caps is the problem
of detecting the equilibrium line. This is because superimposed ice forms
part of the accumulation process. Consequently, the accumulation region
includes a zone where the surface is ice. This ice has the same characteris-
tics as the ice below the equilibrium line, which is superimposed ice that
has flowed down the ice cap in the past from its zone of formation. With
improvements in the sensors carried on satellites expected to be launched
in the future, the situation of satellite monitoring of glaciers will improve.
However, it will be essential to conduct field-based glacier research for
accurate image interpretation.

The use of automatic weather stations is becoming more applicable and
popular in the practice of glacier research and monitoring. These stations
are proving especially valuable in terms of correcting for meltwater percola-
tion and refreezing in the accumulation area. However, the effect of rime-ice
and hoarfrost accumulation on automatic weather station sensors must be
assessed. GSC research is showing that wind and radiation recorded during
large parts of the winter (when hoarfrost develops) and summer (when rime
ice forms) produce barely usable and, at worst, misleading results. Research
should be directed to keeping the sensors free of these deposits.
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The importance of glacier calving and basal-ice melt by the sea under
floating glacier tongues in the High Arctic islands is poorly understood.
Examination of aerial photography suggests that calving is not a very
important factor in mass balance, and basal melt under the glacier tongues
is even less so. However, this is an area deserving of future research.
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Ellesmere Island, Nunavut, has ice shelves in several fjords along its northwest coast.
They can be classified into three types: sea ice (Ward Hunt Ice Shelf), glacier (Milne Ice
Shelf), and composite (Alfred Ernest Ice Shelf). Some ice shelves and ice plugs
(multiyear landfast sea ice) calve and are the source of ice islands such as Hobson’s
Choice ice island that drift around the Arctic Ocean
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glacially thrust sediment at site Y (fig. 7) indicates that the glacier compo-
nent of the ice shelf is quite young and postdates the sea-ice component.

Lemmen and others (1988b) note that the floating tongues of glaciers A
and B have “surface patterns that are clearly related to transverse crevasse
systems within the grounded ice.” On these glacier tongues are also exten-
sive moraines that have boulders and conical debris mounds similar to
those on the Milne Ice Shelf (M.O. Jeffries, unpub. data, 1984, 1986). The
sea-ice unit has some particularly dark SAR signatures that might denote
sea ice exposed at the surface (fig. 7). The ribbed texture of the sea-ice
unit is more pronounced than at Ward Hunt and Milne Ice Shelves (figs. 4
and 6), perhaps because of differences in the SAR incidence angle or illumi-
nation direction. The rolls on the sea-ice unit have a mean wavelength of
29169 m (M.O. Jeffries, unpub. data, 1986).

Lemmen and others (1988b) describe a suture (fig. 7) along the east mar-
gin of the sea-ice unit and propose that it is a fracture caused by the advance
of glacier B. They suggest that the suture has developed rolls since it
opened. This might account for the ribbed texture of the suture (fig. 7), but
given the present understanding of the processes governing the ice-surface
topography (see next section), one would expect these rolls to be aligned
parallel with rather than perpendicular to the rolls on the sea-ice unit.

In May 1986, I traveled on the surface of the suture and observed a num-
ber of open fractures oriented parallel with the ribbed texture. The frac-
tures contained freshwater, and freeboard values of 0.1-0.2 m indicated
relatively thin ice. The bright linear feature running through the suture and
oriented parallel with the ribbed texture (fig. 7) is probably a particularly
large and recent fracture. A comparison of airborne 1988 SAR data (fig. 4 in
Jeffries, 1992) and 1993 ERS-1 data indicates that it opened after 1988. I
suggest that the ribbed texture of the suture is due to scattering from old,
rehealed fractures that record a history of glacier advances. These
advances have progressively widened the suture since its initial opening at
approximately 1.85 ka and have displaced the sea-ice unit seaward. The
new fracture suggests the presence of some recent glacier activity.

The area adjacent to Cape Alfred Ernest and along the shore of Wootton
Peninsula has a bright, textureless SAR signature (fig. 7). It is quite unlike
the suture and the glacier- and sea-ice units, but it is similar to Disraeli
Fiord (fig. 4) and the inner unit of the Milne Ice Shelf (fig. 6). The cause
and implications of these bright signatures are discussed in the “Ice-Shelf
Dams and Coastal Oceanography” section.

Surface Topography

The ice shelves and ice islands have a rolling topography of strongly
aligned, bifurcating ridges and troughs, that is, the rolls (figs. 1, 2, and 5).
Details of the numerous explanations for the origin of the rolls can be found
elsewhere (Hattersley-Smith, 1957; Lister, 1962; Holdsworth, 1987). They
are either genetic features that began to form at the time of ice-shelf forma-
tion or are superimposed features that developed after initial ice-shelf for-
mation, or they are a combination of the two. On any given ice shelf or part
of an ice shelf, the wavelength of the rolls is quite uniform and apparently
increases as ice thickness increases (Hattersley-Smith, 1957). Jeffries and
others (1990) found ice thickness (y) and roll wavelength (x) to be related
by a polynomial expression,

y=0.13922+0.00028262°~2.085 .

Of all the explanations for the rolls, the following meltwater-lake hypoth-
esis has been given the most credence. In developing this hypothesis, Crary
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(1960) observed that the orientation of the rolls is, in many places, parallel
with the direction of prevailing winds and the shore. He suggested that
winds blowing parallel to the coastline over an initially randomly distrib-
uted array of melt pools would cause them to become elongated as a result
of solar heating of the water and wind-accelerated convection currents.
The greater the number of summers that this happens, the more developed
the rolls become.

The rolls are superimposed features according to the meltwater-lake-
alignment hypothesis, but the hypothesis offers no explanation for the uni-
formity of their wavelength, the relationship between wavelength and ice
thickness, and the bifurcations (Holdsworth, 1987). To account for these,
Holdsworth hypothesized that the rolls form dynamically as an ice shelf is
deformed. He showed analytically that (1) extreme pack-ice pressure
against the edge of an ice shelf creates compressive strains that cause ice-
shelf creep buckling at a critical stress level; (2) the undulations bifurcate
because the compressive strains are nonhomogeneous as the extreme
pack-ice pressure events take place over limited sections of the ice-shelf
edge for limited periods of time; and (3) as the ice thickens, buckling due to
further extreme events creates longer wavelength undulations. The genetic
waveforms caused by the creep-buckling instabilities are perpetuated by
the meltwater lakes (Holdsworth, 1987).

The creep-buckling-instability hypothesis was developed to explain the
rolls on the Ward Hunt Ice Shelf but would apply to the other ice shelves,
except where it can be shown that other processes are acting that are
capable of compressing and buckling floating ice (Holdsworth, 1987). This
would include those parts of the Milne Ice Shelf and Alfred Ernest Ice
Shelf that are derived from the seaward advance of grounded glaciers.
Although the outer unit of the Milne Ice Shelf may be glacier ice in origin,
any rolls that were originally oriented parallel to ice flow lines or crevasses
may have been modified due to exposure to the prevailing winds’ blowing
along the coast.

Ice-Shelf Dams and Coastal Oceanography

The ice cover on Disraeli Fiord, which lies to the south of the Ward Hunt
Ice Shelf, has a bright, textureless SAR signature that contrasts with the
darker, more textured signature of the ice shelf (fig. 4). No ice shelf is
present in Disraeli Fiord, but the water there is strongly density stratified
and has a layer of freshwater at the surface overlying seawater at greater
depth (Keys, 1978; Jeffries, 1991b; Jeffries and Krouse, 1984; Vincent and
others, 2001). It is stratified because meltwater that flows in from its catch-
ment area is impounded behind the Ward Hunt Ice Shelf, and the perennial
ice cover prevents wind-mixing.

Disraeli Fiord is covered with perennial lake ice that grows from the
freshwater layer (Keys, 1978; Jeffries, 1985). The ice surface forms candles
[disintegrates into ice prisms oriented perpendicular to the ice surface
(Jackson, 1997, p. 94)] because of melting along grain boundaries in sum-
mer (Keys, 1978), and also many internal melt features are present (Jef-
fries, 1985). Consequently, the bright SAR signature is probably due to a
combination of surface and volume scattering, plus any reflections from the
ice-water interface. An equally bright SAR signature is observed at Lakes A
and B (fig. 4), which are both density stratified and have perennial ice cov-
ers (Hattersley-Smith and others, 1970; Jeffries and others, 1984; Jeffries
and Krouse, 1985). The bright signature of the moat along the south shore
of the western ice shelf near Lakes A and B (fig. 4) suggests that it too is
density stratified and covered with lake ice.
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The glaciers on Baffin Island are primarily ice caps or ice fields and associated valley
outlet glaciers and include numerous small glaciers as well. The two largest ice caps, the
Barnes Ice Cap (5,935 km?) and the Penny Ice Cap (5,960 km?) are thought to be the last
remnants of the Laurentide Ice Sheet. Approximately 8 percent of Baffin Island is
covered by glaciers (36,839 km?). Nearby Bylot Island is heavily glacierized; it has
4,859 km? of its area covered by glaciers, about 45 percent of the island. The Barnes Ice
Cap bas been slowly shrinking; the recession could accelerate if significant regional
warming were to take place
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TABLE 2.—Areas of glaciers on Baffin Island and Bylot Island
[Modified from Mercer, 1975; Bird, 1967]

Name Area (square kilometers) Figure number (this section)
Baffin Island

Penny Ice Cap .....cccocveeveverrernrennneennas 5,960 1,16

Barnes Ice Cap.....ccccecvvvineecrevennnnn. 5,935 1,5,6,7,84, 88,9, 104, 10B, 11,

12, 13, and 14

“Hall” Ice Cap 490 1,18

Terra Nivea Ice Cap..........cccvveeeen.... 165 1,19

Grinnell Ice Cap.......cocevvervrnrerenann. 139 1,19

Other glaciers.......cocccvveerennencrcrennee 24,150 1,3,4,15,and 17

LT R 136,839

Bylot Island .......c.coocvvicevcncecircccncnnenee 4,859 1,3

The ice caps, ice fields, outlet glaciers, and smaller glaciers of Baffin Island
have been mapped and included in the Canadian National Inventory of Glaciers
(Ommanney, 1980); each has a unique glacier inventory code. The area is cov-
ered by National Topographic Series (NTS) map sheets 16/26, 25, 27/37, and
48/58, all at a scale of 1:1,000,000. Specific glacier identification is available on
a series of 1:500,000-scale maps (for example, the Grinnell and Terra Nivea Ice
Caps on the Meta Incognita Peninsula, Glacier Inventory, area 46205; Glacier
Atlas of Canada, plate no. 5-24; Canada Department of Energy, Mines and
Resources, Inland Waters Branch, IWB 1124, 1969). The entire area is covered
by 1:250,000-scale topographic maps. For Bylot Island, the glacierized parts of
the northern Brodeur Peninsula, Borden Peninsula, and the nearby area
southwest of Pond Inlet are covered by 1;50,000-scale topographic maps.
Topographic maps at a scale of 1:50,000 cover a number of small decaying gla-
ciers south of Eclipse Sound between lat 71° and lat 72°N.

Glaciological Studies

Falconer (1962) initiated an inventory of glaciers of Baffin and Bylot
Islands from aerial photographs. Following this work, done for the former
Geographical Branch of the Canadian Department of Mines and Technical
Surveys (later Energy, Mines and Resources, presently Natural Resources
Canada), the task of collecting historical records on glacier positions was
inherited by the Glaciology Subdivision of Environment Canada. To my
knowledge, a systematic survey of historical accounts has not been done.
The earliest observations known are the observations of John Ross (1819)
on glaciers of the Erik Harbour area, the description of glaciers of Bylot
Island by P.G. Sutherland (1852), the work of Leopold M’Clintock (1860) on
glaciers of the Bylot Island area, and observations of C.F. Hall, an American
explorer. Hall sailed along the south coast of Frobisher Bay in 1860-62
(Hall, 1865) and noted (p. 520), “...From the information I had previously
gained, and the data furnished by my Innuit companion, I estimated the
Grinnell Glacier to be fully 100 miles long.” This account may suggest that
heavy snows mantled the high ground on Meta Incognita Peninsula, where
Grinnell /ce Cap is located (fig. 1), to a greater extent than they do today.
Another possible source of information is the logs of whalers who sailed
into Baffin Bay from the 17th century onward. It would seem likely that
some observations of glacier extent would appear in the ship logs.

The scientific observation of glaciers on Baffin Island was initiated in
1950, when the Arctic Institute of North America (AINA) sponsored an
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experienced expedition to study the Barnes Ice Cap (Baird, 1951). This
was followed in 1953 by a smaller venture that focused on glaciological and
glacioclimatic measurements of the Penny Ice Cap (Baird, 1953; Baird and
others, 1953; Orvig, 1954; Ward and Baird, 1954). Some earlier photo-
graphic records and sketches of glaciers in Pangnirtung Pass, Cumberland
Peninsula, were obtained by the naturalist Dr. J. Dewey Soper in the course
of his sledge travels from 1924 to 1926 (Soper, 1981).

The next major glaciological research program on Baffin 1sland was pro-
moted by the former Geographical Branch of the Canadian Department of
Mines and Technical Surveys. Studies were undertaken on the Barnes Ice Cap
(Sagar, 1966; Lgken and Andrews, 1966; Anonymous, 1967; Church, 1972)
and on the Decade Glacier to the east (Jstrem and others, 1967). The Barnes
Ice Cap program was continued by the Glaciology Subdivision of Environment
Canada (Holdsworth, 1973b, 1977) and by R. LeB. Hooke and colleagues from
the University of Minnesota (Hooke, 1973, 1976; Hooke and others, 1980,
1982, 1987; Hudleston, 1976).

In 1969, a small research program in glaciology, specifically on mass and
energy balance, was started by the University of Colorado. The focus of the
research was the Boas Glacier, a small glacier northeast of Penny Ice Cap
(fig. 1) (Andrews and Barry, 1972; Jacobs and others, 1974; Weaver, 1975).
This work was discontinued in 1976. Plans to extract an ice core from the
Penny Ice Cap commenced in the 1980’s with a survey of recent snow accu-
mulation (Holdsworth, 1984; Short and Holdsworth, 1985). A combined
Canadian, Japanese, and U.S.A. research effort extracted cores to bedrock
during the middle 1990’s; these cores have been examined in detail for paleo-
environmental data (Fisher and others, 1998).

Other glaciological papers dealing with Baffin Island are listed in an anno-
tated bibliography prepared by Andrews and Andrews (1980). Given the
large area covered by various glaciers (36,839 km?), approximately 8 percent.
of the island, (Bird, 1967; Mercer, 1975) (table 2), glaciological research on
Baffin Island is generally lacking. Virtually nothing is known of the mass bal-
ance or dynamics, for example, of the two southern ice caps situated on Meta
Incognita Peninsula (Blake, 1953; Mercer, 1956), although research on
neoglacial events and on glacial processes has been reported and is part of a
program supported from the University of Colorado (Muller, 1980;
Dowdeswell, 1982, 1984). Jacobs and others (1997) used Landsat images to
evaluate the recent history of the south margin of the Barnes Ice Cap.

Maps, Aerial Photographs, and Satellite Images
of Glaciers

Glacier Maps

The Canadian government flew a special series of survey flights in 1961
over north-central Baffin Island in order to provide 1:50,000-scale vertical
aerial photographic coverage of Barnes Ice Cap. The photographs were
subsequently used to compile, along with aerial photogrammetric methods,
a special 1:50,000-scale map series of Barnes Ice Cap and environs. The
area is covered by seven map sheets (37E/1W, 37E/2W, 37TE/2E, 37TE/3W,
37E/6W, 37E/7E, and 37E/7TW). A digital elevation model of the Barnes Ice
Cap, based on Landsat MSS data was prepared by Lodwick and Paine
(1985). Eisewhere on the island, some good quality orthophotomaps exist
of the glacierized terrain in the vicinity of Pangnirtung Pass, Cumberland
Peninsula (fig.1). These maps were produced at a scale of 1:50,000 for a
project associated with the establishment of a new national park (Auyuit-
tuq National Park) that includes most of Penny Ice Cap and large areas of
glacierized alpine terrain (fig. 1).
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Baffin and Bylot Islands are covered by specially prepared maps pro-
duced by the former Glaciology Division, Environment Canada. These maps
are at a scale of 1:1,000,000 and show the major and minor glaciers. The
map identification numbers for the series are 1WB 1005 (northern Baffin
Island) and 1WB 1006 (southern Baffin Island). Information about maps
can be obtained by contacting Geomatics Canada, Natural Resources
Canada, 130 Bentley Avenue, Ottawa, Ontario K1A OE9, Canada
(tel: 613-952-7000 [1-800-465-6277]; fax: 1-800-661-6277;, World Wide
Web site: [http://www.geocan.nrcan.gc.cal).

In addition, the glaciers of the area have been inventoried by the Glaciol-
ogy Division. Each ice mass has a unique identification code. The individual
glaciers that have been inventoried are mapped and identified on a series of
color maps at a scale of 1:500,000. Baffin Island and Bylot Island are cov-
ered by plate numbers 5-0 to 5-24. Part of Grinnell Glacier, Baffin Island,
Northwest Territories [now Nunavut], was mapped by the Norwegian Water
Resources and Energy Administration, and a map was published in 1991;
the scale of the map is 1:20,000.

Aerial Photographic Coverage of Glacierized Areas

The National Air Photo Library (NAPL) is located in Ottawa, Ontario, and
is part of the Department of Natural Resources. All government-sponsored
aerial photography is kept in the library, together with index sheets showing
flightlines and center points of each photograph. The index maps are nor-
mally at a scale of 1:250,000 or 1:500,000.

Much of the glacierized part of Baffin Island was flown in 1948 by using
trimetrogon aerial photography. The central image (vertical aerial photo-
graph) of the trio is at a scale of about 1:20,000. Conventional vertical aerial
photographs were taken during the 1950’s and into the 1970’s. The flying
height for these photographs appears to have been normally about 9,146 m,
and a 15-cm lens was used, which gives a nominal ground scale of about
1:50,000 (assuming a terrain elevation of 1,624 m). Virtually all the glacier-
ized terrain on Baffin and Bylot Islands is covered by this vertical aerial
photography. The quality of coverage varies but is most often excellent to
good. Many areas have coverage in two or more years.

Color aerial photography is rare; however, some of this coverage exists
for parts of Barnes Ice Cap and the mountains between there and Clyde
River on the coast (fig.1). In addition, color aerial photography at small
scale was taken for part of the Auyuittuq National Park.

Information on coverage can be obtained by contacting the NAPL,
Geomatics Canada, Natural Resources Canada, 615 Booth St., Ottawa,
Ontario K1A 0E9, Canada (tel: 613-995-4560 [1-800-230-6275]; fax:
613-995-4568; World Wide Web site: [http://airphotos.nrcan.gc.cal).

Landsat Coverage

Landsat images are available for Baffin Island either through the U.S.
Geological Survey’s EROS Data Center or through the Canada Centre for
Remote Sensing® (see table 3 and figure 1). One particularly important
product is a series of black-and-white Landsat mosaics that can be bought
directly from the NAPL, Geomatics Canada (see above).

The mosaics are at a scale of 1:1,000,000, and coverage is as follows:
NTS 25 Coverage of Terra Nivea and Grinnell /ce Caps and parts of
Hall Peninsula

Su.s. Geological Survey, EROS Data Center, Sioux Falls, S. Dak. 57198 (tel 605-594-6151
[1-800-252-4547]; fax: 605-594-6589; World Wide Web: http://edc.usgs.gov/). Canada Centre for Remote
Sensing, Geomatics Canada, Natural Resources Canada, 588 Booth Street, Ottawa, Ontario K1A 0Y7, Can-
ada (tel: 613-995-4057; fax: 613-992-0285;, World Wide Web: [http://www.ccrs.nrcan.ge.cal).
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NTS 16-26

NTS 26-36
NTS 27-37

NTS 48-58

cises in aspects of both glacial geology and glaciology.

Coverage of the Cumberland Peninsula (Penny Ice Cap) and

northern Hall Peninsula

Koukdjuak River, includes Penny Ice Cap
Coverage of north-central Baffin Island including the Barnes
Ice Cap and mountain glaciers
Coverage of most of Bylot Island, all of Devon Island, and the
small ice caps on Borden Peninsula and Brodeur Peninsula
(figs. 1 and 2)

The quality of the mosaics is normally excellent, and they are at the
same scale and cover the same areas as the 1:1,000,000-scale topographic
map series produced by the Government of Canada. The Landsat mosaics
and topographic maps are an excellent combination for laboratory exer-

Glaciological Phenomena Observed on Landsat

Images

Several Landsat images have been selected for inclusion in this section.
They are mostly high quality false-color composite images that reveal several
important glaciological features. Their coverage area is shown in figure 1, and
details of each Landsat image are tabulated in table 3. For ease of reference,

they will be discussed in a north-to-south sequence.

TABLE 3.—Landsat images used in figures 3-6, 8, and 15—-19 and National Topographic Series (NTS) map sheets
[Code symbols: ., Excellent image (0 to <5 percent cloud cover), 0, Good image (>5 to <10 percent cloud cover), ©, Fair to poor image (>10 to 100 percent cloud cover)]

Solar

Landsat : Cloud .

Path-Row Scene center identification Date elevation Code cover Figure Glacier area

(lat-long) number angle (percent) (NTS map sheet)
(degrees)

017-013 66°29'N. 20185-15051 26 Jul 75 42 . 0 17 (16L)
62°07'W.

017-015 64°08'N. 1747-15083 9 Aug 74 40 O 15 18 “Hall” Ice Cap
64°56'W.

017-016 62°46'N. 1747-15090 9 Aug 74 41 O 15 19 Terra Nivea and Grinnell Ice Caps
66°10'W.

019-013 66°35'N. 21663-15103 12 Aug 79 35 ‘ 0 16 Penny Ice Cap
64°37'W. (26D

026-011B 69°31'N. 30721-15514 24 Feb 80 10 . 0 15 (270)
69°58'W. subscene B

028-010 70°25'N. 10380-16182 7 Aug 73 36 . 0 5 Barnes Ice Cap (37E)
T2°55'W.

028-010 70°25'N. 22050-16064 2 Sep 80 25 . 0 8B Barnes Ice Cap (37E)
72°31'W.

028-010 70°33'N. 30525-16065 12 Aug 79 32 . 0 8A Barnes Ice Cap
72°23'W. (37E)

028-010 70°16'N. 10740-16100 2 Aug 74 37 O 10 6 Barnes Ice Cap (37E)
73°13'W.

033-009 71°51'N. 1403-16461 30 Aug 73 27 . 0 4 -
77°08'W.

037-008 73°01'N. 20943-16335 22 Aug 77 - . 5 3 Bylot Island
80°47'W. (48D)
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The Rocky Mountains of Canada include four distinct ranges from the U.S. border to
northern British Columbia: Border, Continental, Hart, and Muskwa Ranges. They
cover about 170,000 km?, are about 150 km wide, and have an estimated glacierized
area of 38,613 km?. Mount Robson, at 3,954 m, is the highest peak. Glaciers range in
size from ice fields, with major outlet glaciers, to glacierets. Small mountain-type glaciers
in cirques, niches, and ice aprons are scattered throughout the ranges. Ice-cored moraines
and rock glaciers are also common
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Bow Glacier

FIGURE 14. Photograph of the terminus of the Bow Glacier, Rocky
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FIGURE 22. High-angle oblique aerial photograph of Castleguard
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FIGURE 23. High-angle oblique aerial photograph of Saskatchewan
Glacier, a major eastward-flowing outlet glacier from the
Columbia Icefield
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Athabasca Glacier

FiGURE 25. High-angle oblique aerial photograph of Athabasca Glacier, an

outlet glacier of the Columbia Icefield
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FIGURE 26. Photographs of the receding terminus of the Athabaska
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SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD

GLACIERS OF NORTH AMERICA-

GLACIERS OF CANADA

GLACIERS OF THE CANADIAN ROCKIES

By C. Simon L. Ommanney’

Abstract

The Rocky Mountains of Canada include four distinct mountain ranges (Border, Conti-
nental, Hart, and Muskwa Ranges) extending from the U.S. border to northern British Colum-
bia, a distance of 1,350 kilometers. The Rocky Mountains encompasses about 170,000 square
kilometers, are about 150 kilometers wide, and have an estimated glacierized area of 38,613
square kilometers. Mount Robson, at 3,954 meters above sea level, is the highest peak. Within
the Continental Ranges are the Front, Park, and Kootenay Ranges; these include some of the
most spectacular and heavily glacierized mountains in North America. Major glaciers, such as
the Waputik, Wapta, Freshfield, Mons, Lyell, and Columbia Icefields are located in these
mountains. The Columbia Icefield (325 square kilometers) is the largest ice field in the Rocky
Mountains; its three largest outlet glaciers are the Columbia, Athabasca, and Saskatchewan
Glaciers. Glaciers range in size from ice fields, with major outlet glaciers, to glacierets. Small
mountain-type glaciers in cirques, niches, and ice aprons are scattered throughout the
ranges. Ice-cored moraines and rock glaciers are also common.

Introduction

To the early explorers, the Rocky Mountains were a seemingly impenetrable
barrier blocking access to the Pacific and inhibiting the coastal inhabitants in
their movements to the east. The chain covers about 170,000 km® and
stretches in a continuous series of parallel ranges 150-km wide, from the Brit-
ish Columbia/Alberta/United States border some 1,350 km to northern British
Columbia, where the Liard River, in cutting through the chain, acts as a conve-
nient boundary. The same mountain mass continues into the Yukon Territory,
but the rocks of the mountains, named here the Mackenzie Mountains, are
younger geologically. To the east, the limits of the Rocky Mountains are not
sharp. From the heights cf the Front Ranges, one passes through the Foothills
and out into the Interior Plains. To the west, the boundary is marked by one of
the world’s greatest physiographic features, which can even be seen from the
Moon—the Rocky Mountain Trench. The trench continues through the Yukon
Territory and Alaska as the Tintina Trench. The highest elevation in the Rocky
Mountains is Mount Robson, at 3,954 m above sea level (asl). The lowest eleva-
tion, 305 m, is in the north at the junction of the Liard and Toad Rivers.

Gadd (1986) gives an excellent account of the geology of the Rocky Moun-
tains. The mountains were formed by strong compressive forces generated to
the west of the Rocky Mountain Trench. During a 75-million-year period that
began about 120 million years ago, a series of thrust faults forced the Pre-
cambrian, Paleozoic, and Mesozoic sedimentary rocks eastward along a fault

Manuscript approved for publication 7 March 2002.

! International Glaciological Society, Lensfield Road, Cambridge CB2 1ER, England, UK. (formerly
with the National Hydrology Research Institute [now part of the National Water Research Institute], Envi-
ronment Canada, 11 Innovation Beulevard, Saskatoon, Saskatchewan S7N 3H5, Canada).
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plane over the soft Cretaceous shales of the Great Plains. The compressive
forces produced a series of folds, which give the Rocky Mountains their char-
acteristic parallel ranges. During the last 2 million years, intense glaciation in
the region has eroded the mountains into big, rugged peaks separated by
deep, wide valleys, creating a striking east-facing scarp.

There are four distinct ranges within the Rocky Mountains region, known
as the Border, Continental, Hart, and Muskwa Ranges (figs. 1 and 2).2
Included in the Continental Ranges are the Front, Park, and Kootenay
Ranges. The distinctions between the ranges are based largely on geologic
structure and physiography. The entire region is characterized by limestones,
quartzites, and argillites, which form massively bold peaks, best expressed in
the Park Ranges of the Continental Ranges. The Park Ranges contain some
of the most spectacular and heavily glacierized mountains in North America
(fig. 3). Flat to gently dipping beds of quartzite or limestone have produced
castellated peaks, subsequently modified by glacial oversteepening; large
talus cones have developed postglacially. Summit elevations decline north-
ward and southward from the Park Ranges; in particular, the Hart Ranges
are considerably lower than the other three ranges. Elevations increase far-
ther north in the Muskwa Ranges, and the castellated limestone and quartzite
peaks reappear around Churchill Peak (3,200 m) and Mount Lloyd George
(3,000 m) (Slaymaker, 1972).

Glaciers in the Rocky Mountains (fig. 4, table 1) are typically of the small
mountain type, lying in cirques, niches, or along some of the upturned strata
as ice aprons. Scattered at intervals along the range are larger ice fields,?
with major outlet and valley glaciers. Glacierets, ice-cored moraines, and
rock glaciers occur at the limits of contemporary glacierization. In some situ-
ations, the avalanching of hanging glaciers has created regenerated glaciers
lower on the mountain; part of the nourishment of the well-known Victoria
Glacier is of this form (fig. 5).

Unfortunately, the precise area of permanent snow and ice in the Rockies
is not known. Henoch (1967) made a determination for the major Canadian
drainage areas, but because the Columbia Icefield drains to the Pacific Ocean,
to Great Slave Lake, and into the Nelson River system that empties into Hud-
son Bay, it is hard to determine what proportion of the total area should be
attributed to the Rocky Mountains alone (table 2).

The nature of the ice cover within part of the Rocky Mountains is
indicated in table 3 (Ommanney, 1972a), which shows the distribution
of various glacier types within the Nelson River drainage basin, stretch-
ing from Waterton Lakes National Park to the southern part of the
Columbia Icefield. Major ice fields,® such as the Waputik, Wapta, Freshfield,
Mons, Lyell, and Columbia Icefields,? are not adequately reflected in table 3.
Because of the nature of their subglacial topography and ice cover, all of the
constituent glaciers can be identified individually.

Hydrometric stations in the Park Ranges and Muskwa Ranges typically
show two prominent stream-discharge peaks that correspond to snowmelt
(June) and glacier melt (July—August), in addition to a minor peak in the fall.
In the Hart Ranges, the glacier-melt peak is generally absent, whereas there
is neither a fall-rain peak nor a glacier-melt peak (Slaymaker, 1972) in the
Border Ranges farther south.

2 The names in this section conform to the usage authorized by the Secretariat of the Canadian Perma-
nent Committee on Geographic Names (CPCGN); URL address: [http:/ geonames.nrcan.gc.ca/english].
The Website is maintained by the Secretariat through Geomatics Canada, Natural Resources Canada, and
combines the GPCGN server with the Canadian Geographical Names Data Base (CGNDB). Variant names
and names not listed in the GPCGN/CGNDB are shown in italics. See also Canadian gazetteers for British
Columbia (CPCGN, 1985) and for Alberta (CPCGN, 1988).

3 Ice field is used in glaciological terminology to refer to “an extensive mass of land ice covering a
mountain region consisting of many interconnected alpine and other types of glaciers, covering all but the
highest peaks and ridges” (Jackson, 1997, p. 316). The UNESCO (1970) definition is slightly different. “Ice
masses of sheet or blanket type of a thickness not sufficient to obscure the subsurface topography.” In
Canada, icefield is used as a synonym for glacier in many glacier place-names and in the text to refer to
such place-names, but is not necessarily used in the formal glaciological sense.
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TABLE L.—Named glaciers of the Rocky Mountains cited in the chapter
[The geographic coordinates for glaciers whose names have not been formally approved (shown in italics) may not be accurate. N.P. = National Park; BC = Brit-
ish Columbia; AB = Alberta; — not shown in geonames database or glacier name is informal (italics); glacier name, map sheet, location of glacier, and province
checked against the archives of the Geographical Names of Canada, Geomatics Canada, Natural Resources Canada [http://geonames.nrcan.ge.ca]}

Glacier Name (1:21\5/{3}3)5(1;2‘221@ Latitude North ~ Longitude West Location Province
Abruzzi Glacier............ccon.... 082J06 50°25.0' 115°07.0' Kootenay BC
Achaean Glacier ............cco...... 094F08 57°22.0' 124°04.0' Peace River BC
Albert Glacier...........cccecevvennne. 082N04 51°02.5' 117°50.5' Kootenay BC
Alexandra Glaciers................. 082N14 51°59.0' 117°09.0' Banff N.P. AB
Alexandra Icefield .................. 082N14 51°59.5' 117°12.0' Banff N.P/ Kootenay = AB/BC
Angel Glacier ...........coccevvenees 083D09 52°41.0' 118°04.0' Jasper N.P. AB
Apex Glacier ...........cccvvevenees 083C04 52°08.2' 117°44.0¢ Kootenay BC
Athabasca Glacier .................. 083C03 52°11.0' 117°15.7' Jasper N.P. AB
Ayesha Glacier...........coceeen. 082N10 51°38.8' 116°35.6' Kootenay BC
Balfour Glacier .... 082N09 51°34.0' 116°26.0' Banff N.P. AB
Barbette Glacier ...........coce..... 082N10 51°44.0' 116°36.0' Banff N.P. AB
Bath Glacier.........cccoevvenene. 082N09 51°31.0' 116°23.0' Banff N.P. AB
Beatty Glacier...........cccceveuenen. 082J11 50°40.5' 115°17.0' - AB
Bennington Glacier ................ 083D09 52°40.5' 118°19.0' Cariboo BC
Bennington Icefield . 083D09 52°39.3' 118°17.9' - AB
Berg Glacier.......ococvveviienenne 083E03 53°07.0' 119°08.0' Cariboo BC
Bonnet Glacier...........cccceuee.. 082005 51°27.0" 115°55.0' Banff N.P.

Boundary Glacier!.................. 083C03 52°11.5' 117°11.4' - AB
Bow Glacier .......cccoceeveennnne. 082N10 51°38.9' 116°30.4' Banff N.P. AB
Brazeau Icefield...................... 083C11 52°32.2! 117°18.3' - AB
Cairnes Glacier ..........cc.ou...... 082N10 51°42.8' 116°46.3' Kootenay BC
Campbell Glacier.................... 082N10 51°44.0" 116°59.0' Kootenay BC
Campbell Icefield.................... 082N10 51°43.2' 116°58.0' Kootenay BC
Castelnau Glacier ................... 082J11 50°31.5' 115°09.4' Kootenay BC
Castle Glacier.........ccccoeeueneee. 093H16 53°59.6' 120°23.8' - BC
Castleguard Glacier I°.. 083C03 52°06.7' 117°13.7' Banff N.P. AB
Castleguard Glacier II°......... 083C03 52°06.2' 117°14.5' Banff N.P. AB
Castleguard Glacier III*....... 083C03 52°05.9' 117°15.2'  Banff N.P.

Castleguard Glacier IV-........ 083C03 52°04.9' 117°16.3' Banff N.P. AB
Cathedral Glacier®................. 082N08 51°24.3' 116°23.4' - BC
Cavell Glacier...........cceeennee. 083D09 52°40.9' 118°03.0' -

Center Glacier............co.oueuu.e. 083C13 52°50.0' 117°55.0' - AB
Chaba Glacier ............ccoeueunne. 083C04 52°14.0" 117°41.0' Jasper N.P. AB
Chaba Icefield ...........cooovernneee 083C05 52°17.0" 117°51.0' Kootenay BC
Chown Glacier 083E06 53°23.0' 119°23.0¢ Jasper N.P. AB
Clairvaux Glacier............cc...... 083D16 52°46.4' 118°23.8' Jasper N.P. AB
Clemenceau Glacier............... 083C04 52°14.0' 117°54.0' Kootenay BC
Clemenceau Icefield............... 083C04 52°11.0' 117°48.0' Kootenay BC
Coleman Glacier..................... 083E03 53°10.0' 119°02.7' Jasper N.P. AB
Columbia Glacier..... 083C03 52°09.6' 117°22.8' Jasper N.P. AB
Columbia Icefield*................. 083C03 52°09.5' 117°19.0' Kootenay BC
Columbia Icefield*.................. 083C03 52°09.5' 117°18.0" Jasper N.P. AB
Conway Glacier............c........ 082N15 51°46.1' 116°49.1' Banff N.P. AB
Cornucopia Glacier-............... 083C11 52°33.5' 117°14.8' - AB
Coronet Glacier .............co...... 083C11 52°31.0" 117°21.0' Jasper N.P. AB
Crowfoot Glacier.................... 082N09 51°38.3' 116°25.2' Banff N.P. AB
Daly Glacier.......ccocoververeerernnane 082N09 51°31.0' 116°26.5' Yoho N.P. BC
Delta Glacier® ............cco.ceveee... 082N10 51°43.3' 116°35.0' Banff N.P. AB
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TABLE 1.—Named glaciers of the Rocky Mountains ciled in the chapter—Continued

Glacier Name ( 1:21\;&%&1;_23;1@ Latitude North ~ Longitude West Location Province
Diadem Icefield 083C06 52°19.6' 117°25.0' - AB
Dome Glacier®....... . 083C03 52°12.1' 117°18.1' Jasper N.P. AB
Drummond Glacier ................ 082N09 51°36.0' 116°03.0' Banff N.P. AB
Duplicate Glacier ................... 083C04 52°12.8' 117°54.8' Kootenay BC
East Glacier........ccowcevrneenns 082N15 51°52.2" 116°55.2' Banff N.P. AB
East Goodsir Glacier.............. 082N01 51°12.4' 116°21.5 Yoho N.P. BC
East Lyell Glacier .. 082N14 51°57.5' 117°04.5' Banff N.P. AB
Elk Glacier ........ccccmmreercrennnns 082J11 50°31.0' 115°09.0' Kootenay BC
Emerald Glacier ..........c......... 082N07 51°30.0' 116°32.0' Yoho N.P. BC
Eremite Glacier ............coc..... 083D09 52°38.0' 118°14.0" Jasper N.P. AB
Foch Glacier .........cevecenenne 082J11 50°34.5' 115°10.3' - AB
Fraser Glacier........c.coeuuee.... 083D09 52°38.2' 118°16.7' Jasper N.P. AB
Freshfield Glacier.. 082N15 51°47.0" 116°53.0' Banff N.P. AB
Freshfield Icefield................... 082N10 51°45.0' 116°54.0" Banff N.P. AB
Fusilier Glacier.........coeveeunne. 094K07 58°22.0' 124°52.0' Peace River BC
Ghost Glacier..........ccvevervenene. 083C05 52°19.6' 117°53.6' Kootenay BC
Glacier des Poilus .................. 082N10 51°34.0' 116°35.0' Yoho N.P. BC
Gong Glacier 083C06 52°22.0' 117°28.8' Jasper N.P. AB
Goodsir Glacier .........cceene.. 082N01 51°12.2 116°22.6' Yoho N.P. BC
Great Snow Icefield................ 094F08 57°27.0' 124°06.0' - BC
Haig Glacier*...........cccoevvvon 082311 50°43.0 115°17.0° - AB
Haig Glacier®.........ccccoovvvvnnnee. 082J11 50°43.0' 116°19.0'  Kootenay BC
Hanbury Glacier.................... 082N01 51°15.0' 116°30.0' Yoho N.P. BC
Hector Glacier ............ccueune.. 082N09 51°35.7' 116°15.5' Bantf N.P. AB
Hilda Glacier...........ccccouveene.. 083C03 52°11.0" 117°10.0' - AB
Hooker Glacier ............ccc....... 083D08 52°23.4' 118°05.0' Kootenay BC
Hooker Icefield? ..o, 083D08 52°25.0' 118°05.0' Jasper N.P. AB
Hooker Icefield? .... 083D08 52°25.0' 118°05.5 Kootenay BC
Horseshoe Glacier”.. 082N08 51°20.5' 116°16.0' Banff N.P. AB
Huntington Glacier................. 083C02 52°09.8' 116°57.6' - AB
Ithaca Glacier ...........cooeceueeenne 094F08 57°23.0' 124°08.0' Peace River BC
Kane Glacier?.............ccceeun.. 083D08 52°24.0" 118°10.1' ~ Jasper N.P. AB
Kane Glacier®.............ccooovn.. 083D08 52°24.6' 118°09.5'  Kootenay BC
King George Glacier............... 082J11 50°35.8' 115°23.6' - BC
Kitchi Glacier..........cccooveeeeeee 093H16 53°54.3' 120°24.5' - BC
Kwadacha Glacier................... 094F15 57°49.0' 124°55.0' Cassiar BC
Lambe Glacier........ccccccoeevneee. 082N10 51°44.5' 116°46.7' Kootenay BC
Lefroy Glacier............ccceeeuee. 082N08 51°22.5' 116°16.1' Banff N.P. AB
Llanberis Glacier..................... 094F14 57°51.0' 125°00.0' Cassiar BC
Lloyd George Glacier............. 094F15 57°55.0" 124°55.0' Peace River BC
Lloyd George Icefield............. 094F15 57°52.0' 124°68.0' Peace River BC
Lyautey Glacier.........cooccoeeene 082311 50°37.0" 115°13.0" - AB
Lyell Icefield* 082N14 51°55.8' 117°04.7' Kootenay BC
Lyell Icefield* 082N14 51°56.0' 117°05.0' Banff N.P.

Mangin Glacier .........ccceuvee. 082J11 50°33.0' 115°13.0" - AB
Mary Vaux Glacier.................. 083C11 52°34.0' 117°27.5' - AB
Mastodon Glacier................... 083D09 52°37.0" 118°16.7' Jasper N.P. AB
McConnell Glacier ................ 094F14 57°57.8 125°14.0' Cassiar BC
Meadow Glacier 083D16 52°45.6' 118°23.3' Jasper N.P. AB
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TABLE 1.—Named glaciers of the Rocky Mountains cited in the chapter—Continued

Glacier Name (1;2%&%83 esf:tale ) Latitude North ~ Longitude West Location Province
Menagerie Glacier .................. 093H16 53°55.0" 120°23.5' - BC
Mist Glacier®.............c..ccc..... 083E03 53°07.7' 119°10.0'  Cariboo BC
Misty Glacier..............cccoveeneee 083C05 52°17.6' 117°51.2' Kootenay BC
Molar Glacier ............coeverueene 082N09 51°37.1' 116°16.0' Banff N.P. AB
Monkman Glacier................... 093111 54°34.0" 121°22.0' Peace River BC
Mons Glacier...........coeeeenennne 082N15 51°52.5' 116°59.3' Banff N.P. AB
Mons Icefield”.............ccc.o.... 082N14 51°51.5' 117°00.77  Banff N.P. AB
Mons Icefield”..............ccconn. 082N14 51°62.0' 117°00.0'  Kootenay BC
Mount Brown Icefield............ 083D08 52°22.1' 118°136' Cariboo; Kootenay BC
Mount Brown Icefield............ 083D08 52°22.0" 118°13.0" - AB
Mummery Glacier................... 082N10 51°40.5' 116°49.0' Kootenay BC
Mural Glacier 083E03 53°12.0' 119°11.0! Jasper N.P. AB
Murchison Icefield.................. 082N15 51°55.0"' 116°38.0' Banff N.P. AB
Nivelle Glacier ............c..cc.o..... 082J11 50°31.0" 115°11.0' Kootenay BC
Niverville Glacier.................... 082N15 51°47.2' 116°57.5' Banff N.P. AB
North Alnus Glacier ............... 083D08 52°26.6' 118°01.6' Kootenay BC
North Glacier............cccovveevenne 082N15 51°52.3' 116°57.3' Banff N.P. AB
Odyssey Icefield 094F08 57°20.0' 124°05.0' - BC
Pangman Glacier .................... 082N15 51°46.0 116°57.0 Banft N.P. AB
Para Glacier............cccocoeeuvene. 083D09 52°39.7' 118°16.8' - AB
Paragon Glacier ...................... 083D09 52°41.0' 118°18.0' - BC
Parapet Glacier*® .................. 082N10 51°44.5' 116°38.3' - AB
Parapet Glacier® .................. 082N10 51°44.5' 116°38.3' Kootenay BC
Parsnip Glacier ............ccc...... 093111 54°32.0" 121°27.0' Peace River BC
Peyto Glacier............ccccveeverenene 082N10 51°40.6' 116°32.8' Banff N.P. AB
President Glacier.................... 082N07 51°30.2' 116°34.3' - BC
Prince Albert Glacier ............. 082J11 50°36.2' 115°24.7' - BC
Princess Mary Glacier............ 082J11 50°35.0' 115°24.2' - BC
Pétain Glacier .............cc.cu..... 082J11 50°32.0' 115°10.0' Kootenay BC
Quentin Glacier ..................... 094F15 57°55.0' 124°58.0' Cassiar BC
Rae Glacier......... . 082J10 50°37.4' 114°59.1' - AB
Ram River Glacier .................. 082N16 51°51.0' 116°11.0' - AB
Reef Glaciers.........cc.occeneerene 083E03 53°07.0' 119°00.5' Cariboo BC
Reef Icefield.............ccooorrennnn. 083E02 53°08.5' 119°00.6'  Jasper N.P. AB
Reef Icefield™............cco.on... 083E02 53°08.5' 119°00.6'  Cariboo BC
Resthaven Icefield.................. 083E06 53°26.0' 119°28.0! Jasper N.P. AB
Rice Glaciers...........ccueeerenee 083C03 52°00.0' 117°15.0' - BC
Robson Glacier.........c...ccoven... 083E03 53°08.0' 119°06.0' Cariboo BC
Saskatchewan Glacier ........... 083C03 52°08.3' 117°12.1! Banff N.P. AB
Scarp Glacier .......cococoeeveerenene 083D09 52°38.9' 118°21.4' Cariboo BC
Scott Glacier ... 083D08 52°26.0' 118°05.0' Jasper N.P. AB
Serenity Glacier...............cco.... 083C05 52°23.0' 117°59.0' Kootenay BC
Sharp Glacier .........c.cccccvenence. 082N01 51°12.2' 116°20.1' Kootenay N.P. BC
Simon Glacier ....... 083D09 52°38.2 118°18.8' Jasper N.P. AB
Sir Alexander Icefield 093H16 53°56.0' 120°23.0' Cariboo BC
Sir Jaines Glacier............c..... 082N15 51°52.1' 116°52.8' Banff N.P. AB
South Alnus Glacier ............... 083D08 52°24.7' 118°00.4' Kootenay BC
Southeast Lyell Glacier.......... 082N14 51°54.5' 117°0L.6' Banff N.P. AB
Southwest Lyell Glaciers....... 082N14 51°54.7' 117°05.4' Kootenay BC
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TABLE 1.—Named glaciers of the Rocky Mountains cited in the chapter—Continued

Glacier Name (. 21\54& ]()) Osg-(;igle ) Latitude North ~ Longitude West Location Province
Stagnant Glacier..................... 094F14 57°52.0" 125°03.0' Cassiar BC
Stanley Glacier ..........ccc.ccueu.en. 083C04 52°08.1' 117°56.6' Kootenay BC
Steppe Glacier®....................... 083E03 53°09.5' 119°00.6'  Cariboo BC
Steppe Glacier™..........ccoooooe... 083E03 53°09.0/ 119°01.0'  Jasper N.P.

Stutfield Glacier..................... 083C03 52°14.0' 117°21.5' Jasper N.P. AB
Swiftcurrent Glacier .............. 083E03 53°09.8' 119°17.8' Cariboo

Swiftcurrent Icefield ... 083E03 53°11.0° 119°15.0' - AB/BC
Tipperary Glacier ................... 082J11 50°41.0" 115°24.0' - BC
Tumbling Glacier™................. 082N01 51°07.5' 116°14.2' Kootenay N.P. BC
Tusk Glacier.........coovvnennnnne. 083C04 52°14.0" 117°56.0' Kootenay BC
Victoria Glacier.........ccoeerne.e.. 082N08 51°23.0' 116°16.0’ Banff N.P. AB
Vista Glacier.........cccoovveuee. 083D16 52°46.3' 118°26.5' Cariboo BC
Vreeland Glacier-.................... 093111 54°34.0' 121°27.0' Peace River BC
Vulture Glacier*..................... 082N09 51°35.9' 116°27.5'  Banff N.P. AB
Vulture Glacier*... 082N09 51°35.9' 116°27.5' Kootenay BC
Waitabit Glacier...................... 082N10 51°42.0" 116°54.7' Kootenay BC
Wales Glacier® ..........c..ooov..... 083C04 52°10.0' 117°37.5 Jasper N.F. AB
Wales Glacier® ...........ccoo.oe..... 083C04 52°09.2' 117°39.6'  Kootenay BC
Wapta Icefield? ...........cc.......... 082N09 51°38.0' 116°30.0'  Banff N.P. AB
Wapta Icefield* 082N09 51°38.0' 116°30.0' Kootenay BC
Waputik Glacier...................... 082N09 51°32.3' 116°22.8' Banff N.P. AB
Waputik Icefield?.................... 082N09 51°34.5' 116°27.2"  Banff N.P AB
Waputik Icefield?.................... 082N09 51°34.0' 116°27.0' Yoho N.P. BC
Washmawapta Icefield........... 082N01 51°10.0' 116°18.0' Kootenay BC
Wenkchemna Glacier............. 082N08 51°18.7' 116°14.2' Banff N.P. AB
West Alexandra Glacier......... 082N14 51°59.0' 117°13.0' Kootenay BC
West Chaba Glacier................ 083C04 52°15.0' 117°46.1' - AB
West Glacier.........ccoceevvennn. 082N15 51°51.6' 116°59.3' Banff N.P. AB
West Washmawapta Glacier.. 082N01 51°11.0' 116°19.0' Kootenay BC
Wilson Icefield .........cocovvvennene 083C02 52°01.1' 116°48.0' Banff N.P. AB
Wishaw Glacier.........c.ccoceue.e. 093H16 53°57.0' 120°12.0" Peace River BC
Wokkpash Glacier................... 094K07 58°16.0' 124°43.0' Peace River BC
Yoho Glacier..........cccccovueunnn. 082N10 51°36.0' 116°33.0' Yoho N.P. BC

! Two other Boundary Glaciers, in Cassiar, BC, are listed in the geonames database.
2 Castleguard Glacier, without roman numeral subdivisions, in Banff N.P., AB, is listed in the geonames database.

3 Two other Cathedral Glaciers, in Cassiar, BC, and in Yukon Territory, are listed in the geonames database.

4 Some glaciers and icefields straddle the border between the Provinces of Alberta (AB) and British Columbia;
hence, they are listed twice although the ice is contiguous.

5 There is another Delta Glacier, in Cassiar, BC, listed in the geonames database.

% Another Dome Glacier, in Nunavut, is listed in the geonames database.

7 Another Horseshoe Glacier, in Kootenay, BC, is listed in the geonames database.

8 Another Mist Glacier, in Kootenay, BC, is listed in the geonames database.
9 In addition to the Parapet Glacier in the Rocky Mountains, there is a Parapet Glacier in Nunavut listed in the

geonames database.

19 Another Tumbling Glacier, in Nunavut, is listed in the geonames database.
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southern Rocky Mountains. The range rises to an elevation of almost 3,000
m asl in Mount Blakiston (2,919 m) and has a mean peak elevation of about
2,600 m asl. The Wilson and Lewis Ranges are outliers within Waterton
Lakes National Park.

Although no glaciers are shown on the National Topographic System
(NTS) maps for this area nor are any observable on the satellite images,
interpretation of aerial photographs for the Canadian Glacier Inventory has
revealed some permanent snow and ice, or glacierets, in sheltered areas of
the park and farther north in the range around Mount Haig (2,611 m).

Macdonald Range (B2)

The Macdonald Range (fig. 1, B2), lies west of the Clark Range and is
separated from it by the Flathead Basin; it also has no glaciers, according
to current maps. No inventory has been completed for this area, so it is not
known whether glacierets exist. Any accumulation of perennial ice is
unlikely, because the mean elevation of the range is lower than that of the
Clark Range and, at this latitude in the Rocky Mountains, permanent snow
and ice tend to remain only on the sheltered eastern and northern slopes
rather than on the more exposed western flanks.

Galton Range (B3)

At an even lower mean elevation, the Galton Range (fig. 1, B3) forms the
western flank of the Border Ranges. The range abuts the Rocky Mountain
Trench, which in this area includes the Kootenay River and Lake Kooca-
nusa. Because the maximum height is 2,230 m asl and the mean height is
just over 2,000 m, it is reasonably certain that not even permanent snow
patches exist here.

Continental Ranges (South—Border Ranges to
Kicking Horse Pass)

Because the Continental Ranges extend more than 725 km and contain
thousands of glaciers, several of which have been studied and are quite well
known, they have been divided into three sections—south, central, and
north.

The northern boundary of the southern area is marked by the Trans-
Canada Highway and the main line of the Canadian Pacific Railroad (CPR),
both of which follow the Bow River from the Foothills, through Banff to the
Kicking Horse Pass and its famous spiral tunnel, and then along the Yoho
River to the west. This coincides with the northern limit of the Kootenay
Ranges. The southern limit has been taken as the beginning of the Border
Ranges, which were discussed previously. The slightly warmer climate
south of Kicking Horse Pass means that generally this group of mountain
ranges contains fewer and smaller ice fields and glaciers than those to the
north, but there is ample evidence of previous glacierization.

The series of parallel ranges running from east to west have been
grouped and are discussed according to the area within which they fall—
the Front, Park, and Kootenay Ranges.

Front Ranges (South) (FS)

The Front Ranges (fig. 1, F'S) constitute a series of parallel mountain
ranges rising from the Foothills up to and beyond the Continental Divide
that marks the provincial boundary. The outer, or eastern, group of ranges
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consists of the Blairmore, Livingstone, Highwood, Misty, Opal, and Fisher
Ranges and ends in the north at the Rundle Peaks. The next parallel group
of ranges is made up of the Flathead, Taylor, High Rock, Wisukitsat, Green-
hills, Elk, and Kananaskis Ranges. The final section of the Front Ranges is
made up of the Lizard Range, the Harrison, Italian and Joffre Groups,
Spray Mountains, and the Sundance Range. It is this inner and higher set of
ranges in which several glaciers are found, particularly in the Spray Moun-
tains and in the ltalian and Joffre Groups. The divide follows the central
range as far as the Elk Range then swings over and passes out into the Park
Ranges.

Lizard Range (FS1)

The Lizard Range (fig. 1, FS1) is the southernmost element of the Front
Ranges and is situated on the western flank of the Rocky Mountains, south
of the Kootenay Ranges. Elevations here are <2,300 m, and there are no
glaciers.

Taylor Range (FS2)

Just to the west of the Continental Divide, the mountains in the Taylor
Range (fig. 1, FS2) are somewhat higher in elevation, up to 2,445 m, but the
orographic-precipitation regime is insufficient to sustain any permanent ice
masses.

Flathead Range (FS3)

The elevation of the mountains increases within the Flathead Range
(fig. 1, FS3), averaging about 2,500 m asl, but with higher peaks such as
Mount Ptolemy (2,815 m) and Mount Darrah (2,745 m). Mount Ptolemy has
a few rock glaciers in its vicinity (for example, Canadian glacier inventory
glacier No.*4*5AA16 and 17), and there are some glacierets farther south
in the headwaters of the Carbondale River. None, however, is shown on the
published topographic maps.

Blairmore Range (FS4)

Moving toward the prairies and almost in the Foothills, elevations drop
to close to 2,000 m in the Blairmore Range (fig. 1, FS4), and no glaciers of
any size exist.

Livingstone Range (FS5)

Just to the north of the Blairmore Range, the Livingstone Range (fig. 1,
F'SH), a long, sinuous, limestone range, almost 100-km long, is the first of
five major ranges that constitute the next group in the Continental Ranges.
Some peaks, such as Centre Peak and Mount Burke, rise to about 2,500 m.
Although no glaciers are visible on the Landsat images or any NTS maps, a
group of four rock glaciers has been identified at the southern end of the
range near the Blairmore Range.

High Rock Range (Tornado Group) (FS6)

Situated parallel to the Livingstone Range and to its west, the High Rock
Range (fig. 1, F'S6), also known as the Tornado Group, rises from 2,550 m
in Crowsnest Mountain in the southern part of the range and extends past
Tornado Mountain (3,100 m) to several 3,000-m peaks in the northern part.
A small ice apron and rock glacier (*4*5BL5 and 6; Ommanney, 1989) occur
at the foot of Mount Cornwell; they are remmnants of the glaciers observed
there during the 1916 survey (Interprovincial Boundary Commission,
1924). Small glaciers, glacierets, ice-cored moraines, and rock glaciers are
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masses all the way south to the U.S./Canada border. Just over the border in
Glacier National Park, Montana, 37 named, small mountain glaciers have
been documented within the park, and two outside. [See section “Glacier
Retreat in Glacier National Park, Montana,” in the Glaciers of the Western
United States (J-2) part of this volume.] Glacier National Park, not to be
confused with the Canadian Glacier National Park in the Selkirk Mountains
of central British Columbia, near Revelstoke, is one of two contiguous
national parks, north and south of the border; the other is Waterton Lakes
National Park, Alberta.

Joffre Group (French Military Group) (FS13)

Bounded to the east by Elk River and to the west by the Palliser River,
the Joffre, or French Military Group (fig. 1, FS13), is a northwesterly
extension of the ltalian Group and has peaks rising to a maximum in
Mount Joffre (3,449 m) and more and larger glaciers than in the previously
discussed mountain ranges. The Mangin and Pétain Glaciers are about
5 km? in area and 4.5 and 3.5 km in length, respectively. The Foch Glacier,
Elk, Castelnau, Lyautey and Nivelle Glaciers are 1.5 to 2 km in length, and
there are several other unnamed glaciers nearby of comparable size. Only
the Nivelle Glacier is located on the western side of the main range. The
average lowest elevation of the ice varies from 2,400-2,600 m. The equilib-
rium line altitude (ELA) likely lies between 2,600 and 2,700 m.

Opal Range (FS14)

The toe of an L-shaped range, the Opal Range (fig. 1, FS14), provides
part of the initial buttress of the Rocky Mountains, which face the Foothills
to the east, and has the upper part of the “L” tucked in behind the more
northerly Fisher Range. Along with the following two ranges, it forms part
of what has been called the Kananaskis Range. The western limits are
marked by the broad valley of the Kananaskis River. There is a slight east-
to-west gradient in maximum peak elevations from 2,900 m to slightly more
than 3,000 m. The peaks to the west resemble the Sawback Range. The
sharp and jagged peaks were created by erosion of the nearly vertical,
steeply dipping beds of the Rundle Limestone. No glaciers are shown on the
published maps, but the glacier inventory identified some small ice aprons,
glacierets, and rock glaciers in parts of the range.

Fisher Range (FS15)

Fisher Range (fig. 1, F'S15) marks the northern limit of the easternmost
ranges of the Rocky Mountains considered in this part of the Continental
Ranges. Elevations are similar to those in the Opal Range, rising to a maxi-
mum of just over 3,000 m asl at Mount Fisher, where the glacier inventory
identified two small cirque glaciers, the only permanent ice here.

Kananaskis Range (FS16)

Although there are no glaciers large enough for skiing, this is the area of
Mount Allan in the Kananaskis Range (fig. 1, FS16), which includes the
area chosen for Canada’s winter Olympic downhill skiing events in 1988.
The range lies across the Kananaskis River valley and is bounded on the
west by Smith-Dorrien Creek with mountains rising slightly to just over
3,100 m asl. Numerous small ice aprons and cirque glaciers have been iden-
tified here, as well as several small rock glaciers.

Spray Mountains (British Military Group) (FS17)

Otherwise known as the British Military Group, after the association of
peak and glacier names, the Spray Mountains (fig. 1, FS17) contain several
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glaciers along the divide—a continuation of those found farther south in
the Joffre Group. The largest, about 4 km?, 3 km long, and descending to
2,225 m, is the Haig Glacier. Beatty Glacier, just to the south of the Haig
Glacier, is only about 1.5 km long and terminates a little higher at 2,380 m.
Other glaciers vary in length from 0.5 to 3 km and have average snout ele-
vations of about 2,500 m asl. The ELA in this range is estimated to be about
2,650 m on the east side and 2,670 m on the west side.

Rundle Peaks (FS18)

Paralleling the Trans-Canada Highway on its southern margin, as the
highway enters the Rocky Mountains and curves northward toward Banff
and Banff National Park, are the Rundle Peaks (fig. 1, FS18). Peak eleva-
tions are less than 3,000 m and include the Three Sisters above the town of
Canmore, Alberta, and Mount Rundle, all of which afford the scenic back-
drop to the Banff townsite from Mount Norquay. There are no glaciers in
this range.

Goat Range (FS19)

West of the Rundle Peaks is the small Goat Range (fig. 1, FS19),
stretching from the Spray Lakes Reservoir, which can be seen clearly on
Landsat images, to the southern end of Sulphur Mountain in Banff. The
lower part of the range has elevations comparable to those of the Rundle
Peaks, approximately 2900 m, but, unlike the latter, it does have several
small cirque glaciers and ice aprons around Mount Nestor (2,960 m).

Sundance Range (FS20)

As viewed from space, the Sundance Range (fig. 1, FS20) Iooks like a
glant tuning fork; it extends south-southeast from the Banff area before
splitting into the two tines that reach to the head of the Spray Lakes Reser-
voir. Mean peak elevations vary from 2,800-2,950 m asl. Although not
shown on NTS maps, the southern part, from Cone Mountain to Fatigue
Mountain (2,959 m), contains numerous small glaciers (*4*5BC61-78,
84-91; Ommanney, 1989) that lie along benches and terraces eroded in the
tilted strata. Some climbers include this range with the Assiniboine Park
Group [and the Blue and Mitchell Ranges, as part of the Assiniboine Park
Group] in the Park Ranges. Such trans-range mountain groups make the
delineation of meaningful groups of mountain ranges extremely difficult,
because differentiation may be based on physiographic, geologic, or other
considerations.

Park Ranges (South) (PS)

The Park Ranges (fig. 1, PS) lie between the Kootenay and Front
Ranges. They are generally higher and more heavily glacierized than the
Front Ranges (South). The northern limit of this area is composed of the
Ball, Vermilion, Bow, and Ottertail Ranges; the latter includes the Wash-
mawapta Icefield. In the vicinity of Mount Assiniboine—the “Matterhorn” of
the Rocky Mountains—are found the Assiniboine Park Group and Royal
Group, as well as the Blue and Mitchell Ranges. In the southern part, the
ranges narrow into the western part of the Harrison Group and terminate
in the Quinn Range. Glaciers are concentrated in the northern part of the
Park Ranges (South) and also around Mount Assiniboine.

Quinn Range (PS1)

The Quinn Range (fig. 1, PS1) is about 50 km long; it is nestled between
the Harrison Group Fast of the Front Ranges and the Van Nostrand
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Range of the Kootenay Ranges. The range rises to a maximum height of
3,300 m asl at Mount Mike, and maximum elevations are generally close to
3,000 m, yet no glaciers are shown on the maps.

Harrison Group West (PS2)

The Bull and White Rivers separate the western and eastern sections of
the Harrison Group, the Harrison Group East (fig. 1, FS8), and the Har-
rison Group West (fig. 1, PS2). The western part of the Harrison Group
West is somewhat higher than the eastern part, having several peaks >3,000
m asl; Mount Harrison rises to 3,359 m. Despite the fact that Mount Harri-
son is higher than Mount Abruzzi and about 40 km farther north, there are
apparently no glaciers in the vicinity.

The Royal Group (PS3)

The centerpiece of the Royal Group (fig. 1, PS3) is Mount King George
(3,422 m), an impressive landform of towers and massive walls, but there
are several other peaks that also rise above 3,000 m. The Princess Mary,
King George, and Prince Albert Glaciers are located on the flanks of
Mount King George. They vary in area from 0.5 to 1.5 km? and have termini
at about 2,450 m asl. More than 2 km long, the Tipperary Glacier is
located on Mount Cradock; another small glacier (Albert Glacier) fills a cir-
que north of Mounts Queen Elizabeth and King Albert. Part of The Royal
Group, with elevations ranging up to 2,950 m asl, lies to the west, separated
from the rest of the group by the Albert and Cross Rivers.

Blue Range (PS4)

The small mountain block of the Blue Range (fig. 1, PS4) straddles the
Continental Divide south of Mount Assiniboine, from which it is separated
by Aurora and Owl Creeks. Elevations do not reach 2,900 m even along the
border, and no glaciers are shown on current maps, even though glacier
inventory work on the eastern end of the range revealed numerous cirques
having small ice bodies and large moraines.

Assiniboine Park Group (PS5)

The dominant peak in the southern Rockies and the highest in the south-
ern Continental Ranges, Mount Assiniboine (3,618 m) (fig. 3) rises as a
majestic horn above its surrounding glaciers, which lie on shelves around
the main mountain core, the Assiniboine Park Group (fig. 1, PS5). The
Indian name means “stone-boiler,” after the practice of using hot stones for
cooking. Of the dozen glaciers on Mount Assiniboine, the largest is about
2.5 km? in area. The average elevation of the glacier tongues ranges from
2,450 to 2,650 m. On the east side of the group, the equilibrium line proba-
bly lies at about 2,660 m. Rock-glacier forms in the area have been studied
by Yarnal (1979). Although a popular stop for tourists and climbers, no sci-
entific studies have been done on the glaciers in this area. The Assinboine
Park Group is well-defined on all sides, limited by the Mitchell River and
the Aurora, Bryant, and Owl Creeks.

Mitchell Range (PS6)

The main part of the Mitchell Range (fig. 1, PS6) lies along the east side
of the Kootenay River south of the Simpson River. This part has peaks rising
to >2,900 m. The western slopes of the Mitchell Range are deeply incised
with well-developed cirque basins that probably show evidence of recent
glaciation, if not some permanent ice. The range spreads out eastward in a
series of four connected blocks ending at Simpson Ridge, where a small gla-
cier (0.5 km?) is located beneath Nestor Peak; its snout is at 2,485 m.
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Ball Range (PS7)

As one drives from Banff northward to the Kicking Horse Pass, the Ball
Range (fig. 1, PST) can be seen where it forms part of the eastern section of
the Park Ranges. Limited on three sides by the broad valleys of the Vermil-
ion and Bow Rivers, the Ball Range has peaks varying from 2,800 to 3,100 m
that reach a maximum elevation at Mount Ball (3,312 m). The six glaciers
plotted on the NTS maps are all located on this mountain. They are less
than 1 km long and have lower elevations differing by as much as 1,000 m
(2,057-3,050 m). The largest has an area of about 0.75 km?. Stanley Glacier
(0.6 km? in area) is the only one lying on the western side of the range.

Vermilion Range (PS8)

Not to be confused with the Vermilion Range of the Front Ranges, 45 km
to the northeast, this Vermilion Range (fig. 1, PS8) forms a major ridge to
the west of the Continental Divide between the Vermilion and Beaverfoot
Rivers, rising to maximum elevations of >3,000 m. Although maps include
the Washmawapta Icefield in the Ottertail Range, the Vermilion Range
should probably be considered as ending at Wolverine Pass. Six glaciers lie
in cirques along the eastern slope of the range, the largest being Tumbling
Glacier about 1 km? in area. Average snout elevations are at about 2,100 m
asl and lengths vary from 0.2 to 1.5 km.

Bow Range (PS9)

The Bow Range (fig. 1, PS9) is the focal point of the visit of most tour-
ists to Banff National Park. The range marks the northern limit of the area
considered as the southern Continental Ranges. It is some 21 km long,
19 km wide, and has peaks that are amongst the highest of the mountain
ranges discussed so far—Mounts Allen (3,301 m), Lefroy (3,423 m) and
Victoria (3,646 m), and Deltaform (3,424 m) and Hungabee Mountains
(3,492 m). Glaciers occur on both sides of the main range and include sev-
eral debris-covered and rock-glacier forms. Many glaciers exceed 1 km in
length. On the western side, the lowest elevation of glaciers is about
2,600 m asl, but several termini end at lower elevations; on the east, the
glaciers tend to be at even lower elevations. The popular Lake Louise is
dammed by an early Holocene moraine formed by the Victoria Glacier; it
probably formed during the Eisenhower Junction glaciation, some 10,000
years before present (B.P.) (Kucera, 1976). Ironically, Moraine Lake is
dammed by a rock slide from the Tower of Babel (Kucera, 1976) rather
than by a moraine. Kucera (1976) and Gardner (1978b) provide popular
accounts of the glaciers and landforms in this area. Several glaciers that
have been the subject of specific studies and comments are discussed
below.

Horseshoe Glacier

Horseshoe Glacier, with an area of 4.3 km?, is about the same size as
Victoria Glacier (3.5 km? in area) but has not been studied in detail. It is
fed by snow avalanches from Ringrose Peak, Mount Lefroy, Hungabee
Mountain, and The Mitre at the head of Paradise Valley. It extends some
1.8 km from 2,800 m to 2,220 m asl, through a heavily debris-covered abla-
tion zone that makes up over half its area and retards its rate of retreat.
The glacier was described by the Vauxes and Sherzer in the early part of
the century (Sherzer, 1907, 1908; G. and W.S. Vaux, 1907b). The snhout,
which is an ice cliff, calves directly into a proglacial lake dammed by
deposits left by the retreating glacier. The lake is fed by glacier meltwater
from a terminus that has receded 945 m from its “Little Ice Age” maxi-
mum (Gardner, 1978b).
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Wenkchemna Glacier

Wenkchemna Glacier, located in the Valley of the Ten Peaks at the head
of Moraine Lake, is 3.7 km? in surface area, of which two-thirds is covered in
moraine. Wenkchemna Glacier extends more than 4 km, from a number of
independent ice streams that flow from the mountain wall below the Wenk-
chemna Peaks at about 2,700 m to a tongue at 1,900 m asl. These streams
turn down valley to create the 1-km-wide ice-and-debris tongue that is esti-
mated to be from 30 to 100 m thick. The glacier surface is irregular and
hummocky, and thaw pits have formed where surface lakes have penetrated
the underlying ice and drained. The comparative inactivity of the glacier,
and the effectiveness of the debris as a sediment trap, means that the melt-
water stream is clear, and a delta is not forming at the head of Moraine
Lake. Around the margin and terminus are arcuate ridges up to 3 m high
that are characteristic of rock glaciers. The early observations made here by
Sherzer (1907, 1908), by the Vaux family (G. and W.S. Vaux, 1907b; by G.
Vaux, 1910; M.M. and G. Vaux, 1911), by Field and Heusser (1954), along
with more recent observations by Gardner (1977, 1978a), all show very lit-
tle change in the glacier limits since 1903. Gardner reported the glacier had
thinned by up to 50 m. Although several people have observed the debris-
covered ice terminus encroaching on the surrounding forest, Kucera (1976)
is of the opinion that Wenkchemna Glacier is shrinking.

Victoria Glacier

Victoria Glacier (fig. 5), lying at the head of Lake Louise, is probably one
of the most frequently photographed glaciers in the Rocky Mountains,
although some visitors may not recognize the debris-covered tongue for
what it is. The glacier is visible and easily accessible from Chateau Lake
Louise by a good trail that passes beside the lake.

The continuous ice stream flows northward from Abbot Pass (2,923 m)
for about 2 km before turning sharply to the northeast, where it degener-
ates into an indistinct debris-covered ice tongue after another 2 km. The
Abbot Pass basin contains less than 20 percent of the accumulation area.
The rest, some 1.8 km? in area, lies in a broad apron that stretches from
Popes Peak past Mount Victoria toward Abbot Pass and avalanches 300 m
or more to form a reconstituted ice mass where the Abbot Pass ice stream
changes direction. It is mainly an interrupted valley glacier; of its 3.5 km?
area, 24 percent is debris-covered. Lefroy Glacier (1.3 km?) flows from the
basin between Mount Lefroy and The Mitre and is separated from Victoria
Glacier by a band of moraine.

The earliest known record is a 1897 photo by William Hittel Sherzer (Col-
lie, 1899). The following year, long-term studies were initiated by the Vaux
family of Philadelphia—George Jr., William, and Mary—who carried out
observations in 1898, 1899, 1900, 1903, 1907, 1909, 1910, and 1912 (G. and
W.S. Vaux, 1901, 1907a, b, 1908; G. Vaux, 1910; M.M. and G. Vaux, 1911;
M.M. Vaux, 1911, 1913; Cavell, 1983). These observations were interspersed
with those of Sherzer, who returned to the area in 1904 and 1905 on behalf
of the Smithsonian Institution (Sherzer, 1905, 1907, 1908). Studies in the
inter-war years were sparse, apparently limited to surveys in 1931 and 1933
by the Alpine Club of Canada (Wheeler, 1932, 1934). The reasonably good
historical record led to the selection of this glacier by the Calgary office of
the Dominion Water and Power Bureau (DWPB) in 1945 for its network of
glaciers being assessed for their contribution to runoff. The position of the
terminus and changes in its areal extent were measured, and a set of
plaques were placed on the ice surface to measure velocity (McFarlane,
1945, 1946a, 1947; McFarlane and May, 1948; Meek, 1948a, b; McFarlane
and others, 1949, 1950; May and others, 1950; Carter, 1954). The surveys
continued every year until 1950, then biennially until 1954, when the snout
was so covered in debris that it was almost impossible to identify the toe
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(Ommanney, 1971). Recession from various surveys is shown in figure 9; TABLE 4.—Average annual surface movement

. _ o s ictoria Glaci -
the average value is about 13.5 m a™!. Average velocities, measured of Victoria Glacier (m a™)

upstream of the junction with the Lefroy Glacier, are given in table 4. 1899-1900  44.8 1947-1948 23.8
Osborn (1975) reported on the penetration of the “Little Ice Age” 1899-1905 34.4 1948-1949  32.0
moraines by advancing rock glaciers. Luckman and others (1984) 1906-1918  3L7 1949-1950  25.6

extended their studies of the Holocene to this area, and some investiga-

. C . . . . . 1945-1946  20.7 1950-1952  25.3
tions have been initiated on sedimentation in Lake Louise (Hamper and
Smith 1983) 1946-1947 39.6 1952-1954 314
’ /-

Cathedral Glacier

The Cathedral Glacier (0.84 km? in area) is poised like a Sword of
Damocles above one of Canada’s main transportation routes through the
Rocky Mountains. Situated on Cathedral Mountain on the south side of
Kicking Horse Valley, between approximately 2,410 m and almost 3,000 m
elevation, Cathedral Glacier has, at least five times in 1925, 1946, 1962,
1978, and 1982, generated mudflows that blocked the Canadian Pacific
Railroad (CPR) line and even buried the Trans-Canada Highway. Both Jack-
son (1979a, b, 1980) and Holdsworth (1984) speculated on the possible
cause of these jokulhlaups. It is thought that the surface topography of the
glacier, particularly a giant snowdrift ridge, permits development of a sur-
face lake at 2,960 m asl, which is recharged by normal snowmelt and rain. A
pulse discharge through the glacier and down a narrow ravine picks up
speed and unconsolidated till to create a mudfiow that heads towards the
CPR tracks in the spiral tunnel section and the Trans-Canada Highway. The
regional firn line at 2,890 m asl is situated below the lake level. This is one
of two major glacier hazards identified in the Rockies, the other being asso-
ciated with Hector Glacier and Peyto Glacier.

Ottertail Range (PS10)

The Ottertail Range is a northwesterly extension of the Vermilion Range
and is similar to it in many respects. The highest peak is Mount Goodsir at
3,662 m. Glaciers in the northern part of the range, including the Hanbury
Glacier, Goodsir Glacier, East Goodsir Glacier, and Sharp Glacier, also lie
in east- and north-facing basins, except for the West Washmawapta Glacier
and Washmawapta Icefield, which fills a large basin below Limestone Peak.
The Washmawapta Icefield is only about 4 km? in area and hardly warrants
its name. Glaciers terminate at about 2,500 m asl on this side of the range
but are generally lower (some 2,300 m) on the eastern side. Hanbury Gla-
cier is about the same size as the Washmawapta Icefield.

Kootenay Ranges (K)

South of Kicking Horse Pass, the Kootenay Ranges (fig. 1) form the
western limit of the Rocky Mountains. The physiographic transition farther
westward is very sharp, because the mountains drop down steeply into the
Rocky Mountain Trench and the Kootenay and Columbia River systems.
The range is narrow in the north, where it consists of the Beaverfoot (fig. 1,
K5), Brisco (fig. 1, K4), and Stanford Ranges (fig. 1, K3), having peak
heights varying from 2,500-2,700 m. Farther south it broadens into the 90-
km-long Hughes Range (fig. 1, K1), which joins Lizard Range to form the
southwestern limit of the Continental Ranges. The mountains here are
slightly higher, up to 2,800 m, and are higher still in the eastern, parallel
Van Nostrand Range (2,905 m) (fig. 1, K2). However, none of the topo-
graphic maps show any evidence of perennial ice features in the Kootenay
Ranges.
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roughly the elevation of the glaciation level. Three small glaciers have been
identified in the central part of the range.

Bare Range (FC5)

Slightly lower in height, 2,750-2,950 m, the Bare Range (fig. 1, FC5) is a
20-km extension of the Palliser Range through which flows the Panther
River. Because it is below the regional glaciation level, no glaciers have
been observed here.

Vermilion Range (FC6)

The Vermilion Range (fig. 1, FC6) lies west of Cascade River; it is
bounded to the south by Banff and to the north by the Red Deer River. Ele-
vations through its 60-km extent are on the order of 2,850-2,950 m. Just
south of Prow Mountain is a cluster of small glaciers along the headwaters
of a tributary of Red Deer River.

Sawback Range (FCT7)

Farther westward, the last major mountain block in this transect before
reaching the Park or Main Ranges, is the Sawback Range (fig. 1, FC7). It
adjoins the Vermilion Range on the east and has a sharp boundary on the
west created by the Bow River valley, through which runs the Trans-Canada
Highway. To the north it is limited by the Red Deer River valley. Elevations
increase here above the regional glaciation level to more than 3,200 m in
Mounts Douglas and St. Bride and in Bonnet Peak. lce cover lies predomi-
nantly along the east side of the range in a series of almost continuous
masses north of Bonnet Peak. The largest of these is Bonnet Glacier, 3.3 km
long and about 6 km? in area with a snout at 2,560 m asl. Other glaciers
from 0.5 to 1.2 km in length also terminate below 2,600 m asl.

Slate Range (FC8)

Bounded by Pipestone River and Baker Creek, the Slate Range (fig. 1,
FC8) lies at the northwest corner of the Sawback Range. Peaks rise to
slightly more than 3,000 m in elevation. The ice cover is concentrated in a
small ice field around Mount Richardson. Glaciers range from 0.5 to 1.0 km
in length, and their lower limits are from 2,410 to 2,570 m asl.

Murchison Group (FC9)

The Murchison Group (fig. 1, FC9) is more than 50 km long and gen-
erally 10 km wide, although becoming broader northward. It is bounded
on the west by the broad valley of the Mistaya and Bow Rivers, on the
east by the Siffleur and Pipestone Rivers, and in the north by the North
Saskatchewan River trench. Many peaks rise to more than 3,000 m asl,
and the range tends to climb northward to a maximum of 3,210 m in
Mount Loudon, well above the regional glaciation level. About 20 glaciers
are found here. They average just over 1 km in length, with termini at
2,500 m asl. The largest are the Hector and Molar Glaciers, 3.0 km and 2.0 km
long, respectively. The ELA probably lies at about 2,750 m asl. This range
includes the smallest named ice field in the Rocky Mountains, the Murchison
Icefield, which is about 0.3 km?in area.

Hector Glacier

Hector Glacier lies in the southern part of the Murchison Group. It flows
from Mount Hector, at about 3,350 m, northward for 3 km to 2,430 m asl. In
the 1960’s, this glacier was heavily crevassed and split into several tongues.
Brunger (1966) and Brunger and others (1967) used historical photographs
to reconstruct the recession of the western snout (fig. 9). In the late summer
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of 1938, a large ice mass separated from the glacier and fell into the Molar
Creek valley, uprooting trees and destroying everything in its path. The gla-
cler traveled more than 3 km and spread a broad carpet of ice over the valley
up to 60-m-deep. Old-timers in the district reported no similar occurrence
during the previous 40 years (B.C. Mountaineer, 1939). This represents the
second major known glacier hazard in the Rocky Mountains, in addition to
the repeated mudflows from the Cathedral Glacier, previously discussed.

Ram Range (FC10)

Guarding the southern side of the pass through the Front Ranges cre-
ated by the valley of the North Saskatchewan River, Ram Range (fig. 1,
FC10) is a small, L-shaped block on the northern end of the Clearwater
Group. Elevations average about 2,500 m with a maximum of 2,844 m. A
few tiny ice masses are found in sheltered north-facing valleys.

Cline Range (FC11)

Bounded by the North Saskatchewan River to the south and the Cline
River to the north, Cline Range (fig. 1, FC11) contains numerous small
cirque glaciers, generally less than 1 km? in area and terminating on average
at about 2,400 m asl. The Wilson Icefield, 12 km? in area, which rises to 3,261
m on Mount Wilson, lies above the regional glaciation level at 3,000 to 3,100
m in elevation. It is located in the southwestern corner of the range and con-
tains about a dozen outlet glaciers, which range in length from 2 to 4 km and
have termini that flow down to 2,000 m. The highest peak is Mount Cline
(3,361 m), with small glaciers on its north and south slopes. One of these
was, for a short time, subject to some commercial exploitation as the Ice Age
Company mined it for “pure” freshwater and “gourmet” ice for sale in Alberta
(Brugman, 1989; Rains, 1990). An application to expand the operation led to
an environmental impact assessment (Ice Age Co., 1989) and non-renewal of
the mining licence. Although there are several other peaks with elevations of
more than 3,000 m, average peak elevations are about 2,800 m.

Bighorn Range (FC12)

The Bighorn Range (fig. 1, FC12) is about 5 km broad at its widest part
and 44 km long. It lies well outside the main body of the Rockies and could
be considered part of the transition to the Rocky Mountain Foothills. It has
no glaciers, and its peaks average less than 2,500 m in elevation.

First Range (FC13)

The next major mountain block in the Front Ranges is the First Range
(fig. 1, FC13). The Brazeau River marks its northern boundary and the Cline
River its southern one. The 40x25 km block is cut by Job and Coral Creeks,
with the section to the west being known as the Job Creek Peaks. Peak ele-
vations average between 2,750 and 2,900 m asl, rising to a maximum of 3,150
m. Detailed aerial photographic analysis in this area revealed more than 40
small glaciers in the western section, with a particularly heavy concentration
at the head of Job Creek. About the same number have been plotted in the
main First Range. Most lie in the headwaters of the Bighorn River and Little-
horn Creek and in the eastern basin of Job Creek. The glaciers are too small
to see on Landsat images and are not shown on current topographic maps.

Cataract Group (FC14)

Nestled in behind Job Creek Peaks, and divided from the Park Ranges
by the valley of the North Saskatchewan River, is the Cataract Group
(fig. 1, FC14). Peak elevations here average more than 3,000 m and have a
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maximum in Mount Stewart (3,312 m). Increased elevation and proximity
to the source of moisture mean that the area covered by glaciers is now a
little denser. Almost 70 small glaciers can be found in this group, of which
the Huntington (1.5 km?) and Coleman Glaciers (2 km?) are amongst the
largest. The regional equilibrium line altitude is thought to lie at about
2,650 m asl. Large proglacial moraine areas and rock glaciers are common.

Le Grand Brazeau (FC15)

Stretching some 50 km from the Rocky Mountain Foothills to the Park
Ranges is the mountain block referred to as Le Grand Brazeau (fig. 1, FC15),
not be to be confused with the Brazeau Range, which is a small feature 75 km
to the east in the Foothills. Officially the name is applied only to that part of
the mountain block centered on Poboktan Mountain (3,323 m), but climbers
have used the wider application. Peaks rise to more than 3,000 m asl with
several reaching about 3,200 m. The regional glaciation level is at about
2,900 m. As in the mountain group to the south, glacier density increases
westward, and there is a predominance of rock glaciers, debris-covered gla-
ciers, and large expanses of proglacial moraine. West of Poboktan Mountain,
the glaciers drain to the Arctic Ocean, and to the east they contribute to the
Nelson River system that flows into Hudson Bay. Most of the 25 larger ice
bodies terminate between 2,350 and 2,500 m asl. Their lengths range from 1
to 2.5 km, but some extend to 3.5 km, and one is 4.2 km long. Cornucopia
Glacier is probably typical of those in the area; it is 2.5 km long and has a
snout at 2,550 m asl. It forms part of Brazeau Icefield, which lies at the junc-
tion with the Queen Elizabeth Ranges and is the largest ice field in the Front
Ranges, having an area of 40 km?.

Southesk Group (FC16)

North of Southesk River and south of Rocky River lies the 25- by 30-km-
wide Southesk Group (fig. 1, FC16). There are a few tiny glaciers in the
headwaters of Ruby and Thistle Creeks and the Cairn River. To the west,
glaciers become larger, and three are more than 1 km in length, terminating
at about 2,400 m asl. Peak elevations tend to lie below 3,000 m, although
Mount Balinhard rises to 3,130 m and is the site of North Glacier.

Queen Elizabeth Ranges (FC17)

Extending northwestward from Brazeau Icefield for more than 50 km
are the Queen Elizabeth Ranges (fig. 1, FC17). Whereas the largest ice-cov-
ered area is that around Mount Brazeau (3,470 m), others are found around
Maligne Mountain (3,193 m) and Mount Unwin (3,268 m). Coleman (1903)
visited the area in 1902 and described the ice field as rising into two white
mounds to the south and sinking away to dirty surfaces of ice in the valleys
to the east. All glacier tongues show signs of recession. Kearney (1981)
dated the moraines here and in the vicinity of Mary Vaux and Center Gla-
ciers. Peak elevations decline northward from more than 3,200 m to about
2,500 m. As a result, most of the glaciers are found around the upper part of
Maligne Lake. Almost 20 glaciers average 1 to 2.54 km in length and have
lower snout elevations of about 2,300 m asl. Coronet Glacier (3.5 km long),
an outlier of Brazeau Icefield, is one of the largest, exceeded only by the
5-km-long glacier flowing north from Mount Brazeau.

Maligne Range (FC18)

Somewhat lower and lying between the Maligne and Athabasca Rivers, the
Maligne Range (fig. 1, FC18) extends for more than 60 km in a northwest-
ward orientation and marks the western limit of this section of the Front
Ranges. Average peak elevations are about 2,600 m. About two dozen small
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cirque glaciers and ice aprons are located in sheltered north- and east-facing
basins, the largest being those on the slopes of Mount Kerkeslin (2,956 m).

Nikanassin Range (FC19)

The ranges in the northern section of the central Front Ranges (FC)
begin to decline in height and break up into a series of more isolated, paral-
lel ridges in the region of the Nikanassin Range. Elevations in the Nika-
nassin Range (fig. 1, FC19) are less than 2,500 m and there are no glaciers.

Fiddle Range (FC20)

An extension northward of the Nikanassin Range, Fiddle Range (fig. 1,
FC20) has an even lower elevation and likewise no glaciers.

Miette Range (FC21)

West of and parallel to the Fiddle and Nikanassin Ranges lies the Miette
Range (fig. 1, FC21). Tt is slightly higher than these two ranges, rising to a
maximum of 2,795 m asl. Some tiny permanent ice masses may exist in
north-facing cirques, but all would be too small to be visible from space or
to be shown on topographic maps.

Jacques Range (FC22)

To the west of the Miette Range lies the Jacques Range (fig. 1, FC22),
which has an unnamed extension of the range to the southeast. Mountain
elevations in the Jacques Range are comparable to those in Miette Range; it
is unlikely that there are any glaciers here.

Colin Range (FC23)

The northwesternmost parallel range in this transect of the Front
Ranges is the Colin Range (fig. 1, FC23). Mountain elevations here rise to
2,600 m asl. No glaciers are plotted on any of the topographic maps, and
because the highest peaks lie below the regional glaciation level, it is not
expected that any glaciers will be found here.

Park Ranges (Central) (PC)

The central section of the Park, or Main, Ranges (fig. 1, PC) consists of
three more-or- less parallel sets of mountains between the valley of the Atha-
basca River on the east and the Rocky Mountain Trench on the west. The
southern part of the central section (PC) is separated from the southern sec-
tion (PS) by Kicking Horse Pass with the Canadian Pacific Railroad (CPR)
and the Trans-Canada Highway. The northern limit of the central section is
marked by Yellowhead Pass, which is the route of the Canadian National Rail-
road (CNR) from Edmonton to the west. This part of the Park Ranges con-
tains the greatest concentration of glaciers in the Rocky Mountains,
including all of the main ice fields (figs. 7, 8). Moving northward through the
inner chain, one passes the Waputik Mountains, with the Wapta and Waputik
Icefields; the Conway, Barnard Dent, and Forbes Groups, with the Freshfield
Icefield, Campbell Icefield, and Lyell Icefield; the Columbia lcefield and the
Winston Churchill Range, and thence through the Fryatt, Cavell, and Por-
tal-MacCarib Groups to the Trident Range. The central chain includes the
Van Horne Range, the Chaba and Clemenceaw Icefield Groups with their
extensive ice covers, and the Whirlpool, Fraser-Rampart, and Meadow-
Clairvaux Groups. The westernmost chain is largely unnamed, apart from
the large block of the Selwyn Range at the northern end. All are discussed
below, with particular emphasis being given to the areal coverage of glacier
ice and those glaciers that have been studied in the most detail.
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provided a particulary good fit to the June-July runoff. Another study
found no statistically meaningful relationship between global radiation and
ablation (Goodison, 1972b). @strem (1973a) came to a similar conclusion in
the course of developing an operational model based on temperature, wind,
and precipitation. Daily computed runoff values were within about 21 per-
cent of the observed values. The negative correlation between glacier dis-
charge and radiation has been observed for other glaciers where liquid
precipitation, usually associated with low incoming short-wave radiation, is
a dominating influence on glacier runoff. However, Munro (1975) found
that short-term variations in the meltwater hydrograph were closely con-
trolled by the net radiative flux; the sensible heat flux was also an important
energy source. Munro and Young (1982) concluded that net shortwave
radiation was the prime determinant of meltwater discharge. Estimates
were a fair approximation of energy equivalents of ablation derived from
stake measurements. An unexpectedly thin boundary layer, about 1 m
deep, was attributed to katabatic control of flow (Munro and Davies, 1976).
Such a finding has implications for the long-term effectiveness of the turbu-
lent-transfer approach (Munro and Davies, 1977). Another factor in the
long-term suitability of turbulent transfer theory for glacier-melt prediction
is the finding by Stenning and others (1981) that katabatic layer develop-
ment and characteristics are also subject to synoptic-scale influences.

Fohn (1973) found fair agreement between energy- and mass-balance
results. About 20 percent of daily snowmelt takes place internally as a
result of the penetration of solar radiation. At the base of the snowpack, the
water table fluctuated 10-50 mm throughout the first 9 days under condi-
tions of continuous snowcover. At some times, lateral inflow of water made
up for actual mass loss at the upper end of the snowpack.

By studying the weathering surface in a 5,320-m? ablation-area site, Derikx
(1975) concluded that the hydrological response time was extremely short
and closely followed melt calculated from the hourly energy balance. Any
delay seemed to be mainly the result of the channel network. Dye-tracer tests
by Collins (1982) gave average flow-through velocities of 0.13-0.35 m s},
with delays of up to 5 h at low flows and under 2 h during times of peak sur-
face ablation, thus showing a strong dependence on discharge.

The glacier has fairly extensive ice-cored moraines. A simple model sug-
gested that their ablation could be estimated from meteorological variables,
if the surface temperature of the debris layer were available (Nakawo and
Young, 1982).

Krouse (1974) demonstrated that the isotopic record retains character-
istics of the winter precipitation record, but he and West (1972) have both
attributed some of the large isotope fluctuations to wind drainage on the
glacier and to the topographic shape of the ice surface (Krouse and others,
1977). This conclusion was supported by Foessel (1974), who found “cool-
air pooling” in the ablation area in response to dish-shaped terrain, and who
developed an equation that proved very reliable in predicting daily mean
temperatures at any elevation in the basin. He also found that seasonal
temperature trends behaved in a cyclic manner in response to migration of
synoptic weather systems over western Canada (in line with the findings of
Yarnal (1984) in relation to mass balance).

The suspended sediment regime is very irregular seasonally and diur-
nally; pulses of sediment occur independently of discharge variations. Sedi-
ment concentrations averaged about 660 mg 17! and ranged from 19 to
3,379 mg I'!, with one extreme event at 14,000 mg I'%. The total suspended
sediment output in 1981 was in excess of 68,000 tonnes. Subglacier reorga-
nization of outflow streams that change sediment availability seemed to be
the main factor influencing sediment output (Binda and others, 1985).
Downstream in the drainage basin of the Peyto Glacier, Smith and others
(1982) estimated that over a 75-day measurement period in 1976 some
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40x10° tonnes of material was transported to and deposited in Peyto Lake.
In 1996, a special session of the annual Canadian Geophysical Union scien-
tific meeting in Banff, Alberta, was devoted to past and present work on
Peyto Glacier. Papers from this session will be published by the National
Water Research Institute in its science report series (M.N. Demuth, oral
commun., 2000).

Yoho Glacier

Yoho Glacier is the largest southern outflow from the Wapta Icefield
(figs. 7, 8). It flows 7 km from the center of the ice field at 3,125 m asl to a
terminus at 2,150 m asl. The ELA on the glacier surface lies at about 2,450
m. The first description of Yoho Glacier was published by Habel (1898)
when the ice was close to its maximum (Bray and Struik, 1963). At that
time the Yoho Glacier had a magnificent ice fall that attracted visitors for
many years. Subsequently, studies were conducted by W.H. Sherzer of the
Smithsonian Institution (Sherzer, 1907, 1908), and the Yoho Glacier was
included in a set of observations undertaken by the Vaux family (Vaux, G.,
Jr., and Vaux, W.S., 1907a, b, 1908; Vaux, G., 1910; Vaux, M.M. and Vaux, G.,
Jr., 1911; Vaux, M.M,, 1911, 1913). These studies were extended by A.O.
Wheeler and members of the Alpine Club of Canada (ACC), which held a
number of field camps in that valley (Wheeler, 1907, 1908, 1909, 1910,
1911, 1913, 191Ba, 1917, 1920a, b, 1932, 1934). The Yoho Glacier was
inspected in 1945 by the DWPB, but by then had retreated up the valley
and was a hanging glacier unsuitable for recording purposes (McFarlane,
1945, Meek, 1948a, b). Heusser (1956) concluded that a series of reces-
sional moraines had formed in about 1865, 1880, and 1884. Parks Canada
became interested in the hydrology of Yoho National Park, and an attempt
was made to extend the record of glacier recession (Kodybka, 1982). For a
short time, the National Hydrology Research Institute extended their Peyto
Glacier program to include observations on the glaciers and streams around
the Yoho Glacier. No report of that work has been published.

Van Horne Range (PC2)

Between the Amiskwi River and the Rocky Mountain Trench and south
of Blaeberry River lies the Van Horne Range (fig. 1, PC2). Maximum eleva-
tions here are less than 2,900 m asl, which is the height of the regional gla-
ciation level. Some of the deep, north- and east-facing cirques may contain
small glaciers, but none is shown on the topographic maps. The range con-
sists of a number of northwest- and southeast-trending ridges.

Conway Group (PC3)

The Conway, Mummery, and Barnard Dent Groups all form part of the
same range that lies west of the Blaeberry River and is centered on the
Freshfield Icefield (figs. 7, 8). The Conway Group (fig. 1, PC3) is the east-
ernmost of the three groups. Many peaks rise above 3,000 m, reaching a
maximum elevation of 3,260 m asl at Solitaire Mountain. The ice-covered
area of more than 20 km” contains several glaciers, of which the most nota-
ble are the Cairnes, Lambe, and Conway Glaciers, which range in length
from 4 to 5 km with ELA’s at about 2,400 m.

Mummery Group (PC4)

Southwest of the Conway Group, running parallel to and north of the
Blaeberry River, is the Mummery Group (fig. 1, PC4). Elevations trend
southwesterly from above 3,000 m at the apex of the Freshfield Icefield
(fig. 8) downward to the 2,500-m range near the Rocky Mountain Trench.
The main glaciological feature is Mummery Glacier, a southward-flowing
extension of Freshfield Icefield. This 7-km-long glacier is joined near its
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TABLE 7.—Recession and volume changes of Athabasca  others, 1960; Davis and others, 1962; Davies and others, 1964, 1966, 1970;
Glacier, 1870-1970 (from Mayewski and others, 1979)  Glossop and others, 1968), but some results were published (McFarlane,

Arealoss  Volume Loss 1946a; Meek, 1948a, b; McFarlane and others, 1950; Collier, 1958).
0y (square ~ (cubic Following experimental aerial photogrammetric surveys of the Atha-
kilometersa™)  kilometersa™  hasea Glacier in 1959 and 1962 (Reid, 1961), the University of New Brun-
1870-1877 6 0.025 0.0024 swick examined the use of terrestrial photogrammetry for measuring the
1877-1882 11 0.011 0.0030 melt of the Athabasca Glacier (Konecny, 1963, 1966; Reid and Paterson,
18821886 1 0.011 0.0014 1973). From 1959 to 1962 the surface was reduced an average of 1.7 m, and
18861900 6 0,022 0.0020 the glacier lost 3.936x10° m3, representing a 35 percent contribution to
' average annual streamflow (Reid and Paterson, 1973). The Water Survey of
1990-1908 5 0.023 0.0015 Canada then switched to a program of terrestrial surveys every 2 years
1908-1922 4 0.018 0.0033 (Campbell and others, 1969; Reid, 1972; Reid and Charbonneau, 1972,
1922-1938 13 0.035 0.0035 1975, 1979, 1981; Reid and others, 1978) for the measurement of volumet-
1938-1945 27 0.043 0.0069 ric change (table 8); snout and plaque surveys were continued in the inter-
1945-1950 o7 0.033 0.0068 mediate years by the Calgary office (Warner and others, 1972; Car}ada,
19501956 o1 0,098 0.0062 Environment Qangda, 1976, 1982). Paterson (1966) shovyed that the differ-
ence between individually surveyed markers and map heights was less than
1956-1960 38 0.040 0.0043 three times the theoretical error, or about 15 percent of the contour inter-
1960-1965 8 0.019 0.0040 val. Additional surveys were made of the Athabasca Glacier in August 1977
1965-1970 4 0.013 0.0026 as part of a program to remap the Columbia Icefield and surrounding areas
and to test the relatively new orthophoto-mapping process. Young and oth-
ers (1978) reported that there was little to choose amongst the various
techniques, although the orthophoto mapping might be faster and cheaper
and produced a digital-terrain model in computer-compatible form of use
for further computations. Errors in the three methods ranged from about

1-2 m on the lower glacier to about 10-20 m on the upper.

Some other records are also available from Field, who revisited the gla-
cier in 1948, 1949, 1953 and 1963 (Denton, 1975). He and Heusser, using
photographic and botanical techniques (Field and Heusser, 1954; Heusser,
1954, 1956), were able to develop the history further. Athabasca Glacier
reached its maximum about 1714 and began to withdraw from different
parts of its end moraine in 1721 and 1744. It readvanced in the first half of
the 19th century, reaching almost to its maximum extent. Recession began
between 1841 and 1866 and has continued with minor fluctuations marked
by moraines formed about 1841, 1900, 1908, 1925, and 1935.

The glacier has been used as a test area for a variety of depth-measure-
ment techniques, some of which have been designed to provide information
for physical studies of glacier flow.

Kanasewich (1963) used gravity techniques to obtain ice-thickness val-
ues along eight transverse profiles, whereas Paterson and Savage (1963a)
used seismic waves to determine depths for 2- km downglacier from the
lowest ice fall. During the summer of 1959, five holes were drilled into the
glacier with a prototype hotpoint drill (Stacey, 1960). Rossiter (1977)
tested a 1-32 MHz radio interferometry depth-sounding technique on
Athabasca Glacier. High scattering levels above 8 MHz were attributed to
water-filled cavities within the glacier on the order of 3-6 m in width, hav-
ing typical separations of 10-30 m. Strangway and others (1974) found that
at 1, 2, and 4 MHz the ice had a dielectric constant of about 3.3,

Retreat

Date
(meters a

TABLE 8.—Changes in the area and volume of the snout of Athabasca Glacier, 1959-1979

Changes 1959-62 1962-65 19656-67 1967-69 1969-71 1971-73 1973-75 1975-77 1977-79

Volume (m?x10°)................ -1.76 -3.07 +3.10 +0.66 -16.76 +6.19 -6.13 -6.50 -2.79
Surface height (m)............ -0.68 -1.35 +1.36 +0.29 -7.71 +2.49 245 -2.61 -1.09
Terminus ..........ee.vrrrenes -38.1 -36.3 -10.6 -20.4 -149 -6.0 -19.0 +7.8 -7.0
Snout elevation (m asl).... 1930 1930 1935 1930 1953 1941 1944
Area (KI?) ..o, 2.57 2.28 2.28 2.28 2.17 2.48 2.50 2.49 2.56
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corresponding to that for ice near 0°C. Measured depths were not always
consistent with previous seismic, gravity, and borehole results. Radio-echo-
sounding has featured prominently in depth investigations. A sophisticated
mobile system linked to fixed transponders (Goodman, 1970, 1975) pro-
vided results that agreed within 14 m with the seismic and borehole mea-
surements of Savage and Paterson (1963). Repetitive soundings at
individual locations revealed the presence of intraglacier structures that
appeared to be related to changing hydrological or glaciological conditions
within the glacier (Goodman, 1973). Waddington and Jones (1977), using a
1-5 MHz radio-echosounder, sampled the accumulation area of the Atha-
basca Glacier from below Castleguard Mountain northward to the ice falls
and westward to the divide. They found depths ranging from 100 to 365 m.
Contour maps of ice thickness and basal elevations have been produced by
Trombley (1986), based on 300 depth measurements of the lower 3.6 km of
the glacier with a portable radio-echosounder. A summary of some of the
results, based on Paterson (n.d.) and Trombley (1986) is given in table 9.

Measurements show that in the ablation area, below the lowermost ice
fall, the longitudinal and transverse profiles of ice thickness are geometri-
cally regular and simple. A bedrock depression and two bedrock rises influ-
ence the flow. The ice is thickest (>320 m) in the deepest part of the
depression, which appears to be a relic valley carved by what is now a small
hanging glacier. Removal of the glacier would create a chain of paternoster
lakes (Kanasewich, 1963).

In an interesting variant on their seismic study, Neave and Savage
(1970) used natural seismic activity to monitor icequakes. These appeared
as single events in the zone of marginal crevasses resulting {rom exten-
sional faulting near the glacier surface. Swarms of icequakes were occa-
sionally recorded that were distinguished from the crevasse-forming
icequakes by their intense activity (20 events s™!), by their distribution
along a line several hundred meters long, and by their location, crossing
the crevasse-free center strip of the glacier. Propagation velocities on the
order of 30 m s were observed. Not only did the individual events in a
swarm migrate across glacier, but they also appeared to migrate downgla-
cier at a velocity of about 30 m h™".

TABLE 9.—Depths of Athabasca Glacier [based on Paterson (n.d.) and

Trombley (1986)]
Elevation Depth Year of Elevation Depth Year of
(m asl) (meters) measurement (meters asl) (meters) measurement
2036 60 1979 2231 250 1960
2048 73 1960 2232 322 1959-61
2115 176 1979 2234 316 1966-67
2122 194 1959-61 2234 298 1966-67
2130 195 1979 2236 314 1959-61
2135 209 1959-61 2237 265 1966-67
2141 209 1966-67 2237 251 1979
2195 248 1959-61 2238 297 1966-67
2202 210 1979 2238 300 1979
2206 236 1960 2239 306 1979
2228 310 1979 2240 306 1979
2229 319 1979 2240 308 196667
2229 318 1979 2240 311 1966-67
2229 315 1979 2250 311 1966-67
2230 291 1979 2250 312 1979
2230 313 1966-67 2250-65 309 1966-67
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It is possible to tell from velocity measurements that ice now at the
tongue of the Athabasca Glacier fell as snow on the ice field 1560-200 years
ago. Observations in 1959 and 1960, along the center line of the glacier,
showed that ice velocity varied from 74 m a~! below the ice fall to 15 m a™*
at the terminus and that the longitudinal strain rate varied from —0.1 to
0.0a? (Savage and Paterson, 1963, 1965). Paterson (1962) found that the
longitudinal strain rate was not constant with depth and at 100 m was
slightly greater than at the surface. He concluded that the quasi-viscous
Glen flow law provided the best fit to the available data (Paterson and Sav-
age, 1963b). 1ce takes about 2 years to travel down the lowest ice fall, cor-
responding to a velocity there of about 130 m a™!. Seasonally unexpected
velocity variations 2.5 km upglacier were explained by variations in the
amount of water available at the bed for lubrication, being positively corre-
lated with streamflow from the lake, with a lag of 3—4 days (Paterson,
1964). However, Meier (1965) pointed out that measurements on meltwa-
ter discharge from Athabasca Glacier by Mathews (1964a, 1964b) showed
that maximum runoff occurs within a few hours of maximum melt. Paterson
(1965) replied that some runoff may be delayed. Short-term velocity varia-
tions have been studied by Kucera (1971, 1987), using time-lapse photog-
raphy. Ice within 60 m of the terminus is moving at an average rate of
57mm d (20.8 m a™) and, during the summer, as much as 5 mm h™. Dur-
ing a two-and-a-half month period, ice descended the lowest ice fall at a
velocity of about 0.35 m d™*, or 125 m a™L. The glacier moves faster in sum-
mer than in winter and seems to move faster during the day than at night.

The velocity of ice deep within Athabasca Glacier has been measured in a
number of boreholes. Savage and Paterson (1963), Paterson (1970), and
Raymond (1971b) demonstrated that the upper part of the glacier is moving
faster than the base. Velocity varies little with depth in the upper half of the
borehole (209 m deep), but in the lower half, velocity decreases but at an
increasing rate as the bottom is approached. Savage and Paterson (1963,
1965) estimated basal slip in two boreholes to be 30 m a* and 3 m a™*. These
boreholes lie along the same streamline and are separated by only six times
the average depth. Raymond (1971a) applied a new method for determining
the three-dimensional velocity field of the Athabasca Glacier. His measure-
ments of ice deformation at depth revealed the pattern of flow in a nearly
complete cross section of a valley glacier (Raymond, 1971b). He found that
the relative strength of marginal and basal shear strain-rate was opposite to
that expected. He further developed methods for determining the distribu-
tions of stress and effective viscosity in a glacier (Raymond, 1973) that did
not support the results obtained by Paterson and Savage (1963a, b).

Using two different techniques, Reid and Paterson (1973) determined
that the average annual loss of ice is 14.7x10% m?, equivalent to
13.4x10% m? a”!, or about 35 percent of the average annual streamflow mea-
sured at the gauging station. This compares to Collier’s figure of 10-20 per-
cent (Collier, 1958). The figure for glacier-melt contribution is much higher.
Reid (1972) determined the 20-year average for mid-May to the end of
October to be 35.1x10% m?. Collier (1958) pointed out how effective glacier
mell is in sustaining streamflow in August and September. The addition of
106 percent to the drainage area in Edmonton only increased the Septem-
ber 1955 flow by 1 percent (Collier, 1958).

Mathews (1964a) developed a moderately successful regression equa-
tion relating discharge of the Sunwapta River to temperature in Jasper.
Correlations commonly better than +0.8 and reaching +0.96 were obtained
for individual periods of from 1 to 2 months. He concluded that the daily
streamflow was related, first, to the temperatures of the current day and,
second, to the temperatures of the previous few days. There were pro-
nounced diurnal fluctuations in meliwater flow from Athabasca Glacier
(Mathews, 1964a)
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An interesting feature of the streamflow record noted by Mathews
(1964a) was the occurrence of jokulhlaups. These interrupted the normal
diurnal cycle and were apparently unrelated to weather conditions.
Records covering 13 summers showed at least 10 glacier-outburst floods
having a discharge volume of 250,000 m? or more and one flood that
released 1,400,000 m? of water. Because there are no ice-dammed lakes
near the Athabasca Glacier, the water must have been stored within the gla-
cier itself. Drainage of the floodwaters from a single chamber within the ice
would certainly have caused some surface subsidence of the ice, but this
was not observed. Mathews (1964a) concluded that the water must have
been contained in a number of smaller cavities. Such cavities were noticed
by Savage and Paterson (1963) during their drilling program in 1962. In
1968, they punctured a cavity at a depth of 9.2 m (Paterson and Savage,
1970). Water gushed from the borehole for about 55 s, indicating an excess
pressure of at least 25 kPa. This pressure was thought to have been gener-
ated by the reduction in volume of the cavity caused by freezing of some of
the water within it. Other evidence of unusual flows is provided by Kucera
(1987), who reported that a meltwater stream near the snowmobile access
road tripled in discharge from 0800 to 1600 h during one day in August
1980. Conditions were clear and air temperatures increased from 1 to 8°C
during the same period.

During periods of high discharge, the meltwater streams carry a heavy
sediment load, shifting position and migrating across the “Sunwapta” delta
throughout the summer (Kucera, 1971, 1987). The sequence of WSC gla-
cier maps shows that the delta has advanced 40 m into Sunwapta Lake, an
effective sediment trap, during a 14-yr period. During one 24-h period in
1957, an estimated 380 tonnes of sediment and 190 tonnes of sand were
brought into the lake by two glacier streams. Of this amount, only
4-7 tonnes of the sediment and none of the sand left by way of the Sun-
wapta River (Mathews, 1964b).

Particle-size distribution, roundness, striations, fabric, and lithologic
composition have been used to distinguish between basal till, lateral- and
recessional-moraine tills, ablation till, and outwash (Mills, 1977a, 1977b,
1977¢). Glacial debris in a 120-m-wide zone in front of the Athabasca Gla-
cier is not spread haphazardly across the forefield but, rather, occurs as low
discontinuous ridges 0.7-2 m high that lie 2-20 m apart and trend roughly
parallel to the glacier front. These are annual moraines produced by an
advance of ice during the winter months. Measurements by Kucera since
1967 indicate that although the glacier advances 6-10 m during the winter
months, the rate of retreat during the ablation season has slowed from
18-30 m to 10-16 m in recent years. This explains why the annual moraines
are now spaced more closely together than in the past; for example, the
position of the 1977 moraine lies only 2 m from the 1976 annual moraine
(Kucera, 1987).

On the west side of Sunwapta Lake, the toe of the Athabasca Glacier con-
sists of a dirty ice cliff. Rock debris, 1-2 m thick, extends upglacier along
the western margin. Supraglacial debris cover, such as that also found on
the neighboring Dome Glacier, creates significant problems in the interpre-
tation of remote sensing imagery for these areas. The cliff is marked by rills
that collect ice-and-rock fragments that cascade down the steep ice front:
the slope of 40° has been maintained for several years (Kucera, 1987).

Some other aspects of the Athabasca Glacier have also been studied.
Paterson (1971, 1972) determined that the temperature in the ablation
area of Athabasca Glacier is about —0.5°C at a depth of 10 m. Below 17 m, it
is slightly below the calculated pressure-melting point. The observed tem-
perature regime is accounted for partly by heat produced by ice deforma-
tion and partly by freezing of water within the ice. The required water
content is between 0.5 and 1 percent and is thought to be water trapped
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between grains when the ice formed from firn. Clee and others (1969)
investigated the mechanism of internal friction of ice near its melting point
by observing the attenuation of elastic waves. They decided that attenua-
tion appears to be best explained by grain-boundary slip. Watt and Maxwell
(1960) measured the electrical properties of snow and glacier ice and con-
cluded that their properties were appreciably different from pure ice.
Keller and Frischknecht (1960, 1961) used electrical resistivity. Stanley
(1965) found that most of the lower part of the glacier, below the ice falls, is
composed of either fine or coarse bubbly ice in alternating layers. Cryoco-
nite holes have been described by Wharton and Vineyard (1983). They
observed seven species of pennate diatoms and several species of green
algae in the holes, probably transported onto the glacier from nearby
aquatic and terrestrial sources.

Dome Glacier

Dome Glacier is poorly nourished in comparison to Athabasca Glacier.
Dome Glacier’s bifurcated terminus is fed largely by avalanching from Snow
Dome. Most of the surface of Dome Glacier is covered by ablation, lateral,
and medial moraines, which make it difficult to determine its true areal
extent. The basic characteristics of Dome Glacier are given in table 5. The
ablation moraine is commonly less than 1 m thick and the ice beneath is
clean. Stream courses usually follow the margin of rubble-covered ice, but
Kucera (1987) observed one on the glacier in a channel 4 m wide and 3 m
deep which dropped to a depth of about 10-15 m to become an englacier
stream leaving a route marked by abandoned moulins up to 3 m in diame-
ter. Probably because of the insulating moraine cover, Dome Glacier has
receded comparatively less than the Athabasca Glacier, with which it coa-
lesced at one time. Starting about 1875, it receded 530 m from 1875 to 1919
and 318 m from 1919 to 1953. At least four recessional moraines appear
between the terminal moraine remnants and the present ice front: 1900,
1908, 1913, and 1918 (Heusser, 1954).

Boundary Glacier

The Boundary Glacier is a 2-km-long cirque glacier, 1.18 km? in area. It
is located on the divide between the Saskatchewan and Athabasca water-
sheds and on the boundary between Banff and Jasper National Parks. It
flows from the slopes of Mount Athabasca at 3,320 m asl to a low-gradient
accumulation basin at 2,750 m and thence to two ice tongues at 2,365 m asl.
The ELA lies at about 2,730 m. Gardner and Jones (1985) and Gardner
(1987) have studied the sediment budget and bergschrund/randkluft ero-
sion here. Sloan (1987) reported that debris deposition along the 350-m
tongue is at a rate of 4,400 kg d"1. A retreat of 810 m from the “Little Ice
Age” maximum has been determined. Intermediate snout positions have
been mapped (fig. 9). This is one of the few glaciers in the Rockies for
which there is recent evidence of a significant advance.

Hilda Glacier

Hilda Glacier is a small cirque glacier fed largely by avalanching from
the eastern slopes of Mount Athabasca (3,491 m). It is about 2.5 km long,
1.35 km? in area. It has a large debris-rich proglacial area 1 km long that
starts at the prominent Neoglacial moraine (2,055 m), rises to the snout at
2,170 m, and thence to the upper accumulation area at 2,900 m. The glacier
surface is covered by a thin mantle of supraglacier debris supplied by rock-
falls and avalanches. According to Heusser (1954), retreat began around
1790, but he made no measurements because the lower end of the glacier
was hidden by debris (Field and Heusser, 1954). During 1977 and 1978,
while the glacier was still receding, a study of sediment supply and trans-
port was initiated (Hammer and Smith, 1983). When seen by Heusser
(1956), the lower part was a boulder mass with humps and pockets that
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gave the appearance of concentric “waves” in several places. This morainal
complex characterizes the mass as an incipient rock glacier. In the contin-
uum from glacier (mostly ice) to rock glacier (mostly rock fragments), the
morainal complex falls into the rock glacier classification. Folds of soil that
have been pushed up along the down-valley periphery suggest that the
mass continues to exhibit motion.

Winston Churchill Range (PC13)

Stretching north-northeast from the Columbia Icefield some 30 km to
the fork in the Athabasca and Sunwapta Rivers is the Winston Churchill
Range (fig. 1, PC13). Summit elevations in the main part of the range
exceed 3,100 m and reach a maximum at Mount Alberta (3,619 m). The
Diadem Icefield includes a number of individual glaciers around Mounts
Alberta and Woolley, extends northward in a continuous 10-km mass from
Diadem Peak to Mount McGuire, and encompasses Gong Glacier (3.5 km)
to the west. Lying outside this ice field are additional small glaciers, usually
located in deep cirques on north- to northeast-facing slopes. Glaciers aver-
age 2 to 3 km in length, up to 1 km? in area, and have snouts close to
2,000 m. A characteristic of this region is the large amount of morainal
debris lying on and around many of the glacier termini, in a number of cases
grading into classic rock glaciers. Stutfield and Collie (1903) concluded that
the rock glaciers were formed from massive rockfalls from the limestone
cliffs at some time in the past.

Chaba Group (PC14)

Northwest of the Columbia Icefield, and contiguous with it and the
Clemenceau Icefield, lies the Chaba lcefield (fig. 20). This 97-km? irregu-
lar, elongated ice mass runs along and beyond the Continental Divide for
some 27 km. Its northeast side drains into the Athabasca River through a
number of outlet glaciers, chief of which are Chaba Glacier (9-km long),
West Chaba Glacier (7 km long) and Misty Glacier (3.5 km long). The
ice field and its environs include some 30 glaciers that range from 1 to 3 km
in length, with snouts reaching to elevations of 2,000-2,300 m asl. The ELA
probably lies at about 2,300 m, some 500 m below the regional glaciation
level established by @strem (1966). J.M. Thorington, in one of the few
reports from this area, reported a recession of 170 m from the 1927 position
established by the Harvard University group in 1936 (McCoubrey, 1938).
Summit elevations in the central portion of the ice field exceed 3,100 m.
Northward, toward Fortress Lake and Wood River, summit elevations
decline to below 2,800 m.

Clemenceau Icefield Group (PC15)

Previous writers have stated confidently that the Columbia Icefield is the
largest in the Rocky Mountains, yet the Clemenceau Icefield (figs. 7, 20),
including its outliers south of Tsar Mountain (Clemenceau Icefield Group;
fig. 1, PC15), is only slightly smaller (318 km®). It is linked to both the
Chaba and Columbia lcefields (figs. 7, 20) by Wales Glacier, which has one
major accumulation basin in each ice field. Most of the drainage is through
two outlet glaciers: (1) a major compound glacier on the northern part of
the ice field that reaches a maximum length of 13 km and consists of the
Tusk, Clemenceau, and Duplicate Glaciers, whose cumulative moraines
have created an extensive debris-covered tongue that feeds Clemenceau
Creek and (2) Apex Glacier, a triangular-shaped outlet glacier that flows
13.5 km south from the mountain of the same name. The larger outlet gla-
ciers push down to below 1,500 m asl, with one debris-covered tongue
reaching to 1,035 m. The ELA is about 2,200 m and the glaciation level at
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2,700 m. The highest point of this ice field is appropriately Mount Clem-
enceau (3,630 m); most of the other major peaks in the group exceed
3,000 m. The isolation and inaccessibility of the region have inhibited glaci-
ological research, visits being limited to a few climbing parties.

Fryatt Group (PC16)

West of the Athabasca River and north of Fortress Lake and Alnus Creek
is the Fryatt Group (fig. 1, PC16), a series of mountain ridges stretching to
the northeast some 15 km from a 30-km ridge that follows the provincial
boundary. Apart from Catacombs Mountain (3,292 m), elevations in the
southern part are generally below 3,000 m but rise northward to about
3,100 m, attaining a maximum at Mount Fryatt (3,361 m). Most of the gla-
ciers lie in northeast-facing cirques below the boundary ridge; they are <2
km long and terminate between 2,000 and 2,100 m. A 5-km-long glacier
flows north and northwestward from Catacombs Mountain. Around Mount
Fryatt the glaciers are shorter and at higher elevations.

Whirlpool Group (PC17)

The ranges surrounding Whirlpool River, west of the Fryatt Group and
north of Clemenceau Icefield, have been referred to as the Whiripool
Group (fig. 1, PC17). The Whiripool Group consists of two separate
blocks, or ranges, divided by the valley of the Whirlpool River and Atha-
basca Pass, which for many years was a major fur-trade thoroughfare that
effectively split the Hooker and Mount Brown Icefields (fig. 4). The former
ice field is an irregular mass of contiguous glaciers covering about 90 km?
and includes the Kane, Hooker, North Alnus, South Alnus, and Serenity
Glaciers, each about 4 to 5 km long, as well as the main body of the ice field
itself. Other glaciers in this part of the group tend to be 1 to 2 km long. Sev-
eral snouts push down to 1,800 m or lower. Apart from contributions to
Whirlpool River, the glaciers drain west through Fortress Lake and Wood
River. Mount Brown Icefield is a more regular ice mass <5 km” in area. Gla-
ciers in the northern extension of the range, south of Simon Creek, tend to
be slightly smaller than those to the south and include several debris-cov-
ered tongues and rock glaciers. Some descriptions of the glaciers around
Athabasca Pass date from the time of the fur traders. Scott Glacier was first
observed by David Douglas in 1827 (Douglas, 1914). Schafer (1954)
reported that its retreat began in 1780 and that by 1924 the glacier had
contracted 650 m. In 1952, the Alpine Club of Canada (1953) reported that
the lower part of Scott Glacier, which in 1924 covered a large part of the
outwash plain, had almost disappeared after a recession of some 1.2 km in
28 years (fig. 9). Despite early miscalculations of the elevation of Mount
Brown that led to suggestions that it might be the highest peak in the
Rocky Mountains, its highest point is only 2,799 m asl. Summit elevations
are generally lower here than in the Park Ranges to the east. Although
some peaks in and around the Hooker Icefield exceed 3,200 m asl, most are
below 3,000 m, and northward they tend to even lower elevations.

Unnamed Ranges (—)

West of the Clemenceau Icefield, the Whirlpool, and the Fraser-Ram-
part Groups, and south of the Selwyn Range, is a group of unnamed ranges
that mark the western limits of the Park Ranges in this section. Individual
ranges within the group generally trend to the southwest; runoff from the
ranges drains into what used to be the Canoe River in the Rocky Mountain
Trench but what is now Canoe Reach of the artificial McNaughton Lake.
West of Clemenceau Icefield, there are numerous small glaciers, usually
<1 km in length, that terminate between 2,200 and 2000 m, along with
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some evidence of debris-covered tongues and rock glaciers. The largest gla-
ciers in the southern section are no larger than 1 km? in area. Average peak
heights are usually below 2,700 m, considerably lower than in the ranges to
the east. @strem’s (1966) investigations put the regional glaciation level at
2,500-2,600 m.

The central section of the unnamed ranges, west of the Hooker and
Mount Brown Icefields, contains one range with much larger ice bodies
than those found in the southern part of the unnamed ranges, including a
contiguous mass of glacier ice that is about 17 km® in area and lies south of
the Mount Brown Icefield. However, as in the area in the southern part of
the unnamed ranges, the other ranges have a profusion of small glaciers;
usually in well-developed cirques, <1.5 km long and about 0.5 km? in area.
Most end below 2,200 m, with several reaching as low as 1,700 m. Large
moraines are much in evidence. Peaks here are slightly higher, some
exceeding 3,000 m asl, but most are in the 2,600- to 2,800-m range.

The final, northern section of these unnamed ranges consists of moun-
tains within and west of Mount Robson Provincial Park (fig. 4) bounded by
Fraser River and Ptarmigan Creek. Peaks here are lower than to the south,
with the highest rising to just over 2,800 m asl. Most of the ice is concen-
trated in a small ice field about 6 km? in area. Lengths of the some 15 gla-
ciers here range from 0.5 to 1.5 km, with two at 2.5 km. Snouts are between
2,100 and 2,300 m asl.

Cavell Group (PC18)

Just west of the Banff-Jasper Highway rises the impressive Mount
Edith Cavell (3,363 m), named after a First World War nurse who was
shot for helping Allied troops trapped behind enemy lines to escape. It
is the focal point of the Cavell Group (fig. 1, PC18), a small range with
summit elevations ranging from 2,800 m to more than 3,000 m and with
a number of small glaciers and rock glaciers that terminate as low as
2,100 m and that are from 0.5 to 2 km in Iength. A trail leads from the
highway to the foot of Angel Glacier.

Angel Glacier

On the north side of Mount Edith Cavell lies a group of ice masses that at
one time formed part of the same glacier. The lower part, a reconstituted,
debris-covered ice mass, is known as Cavell Glacier. The long, thin ice
stream, which once joined to the upper Angel Glacier, was known as Ghost
Glacier; appropriately this glacier has now vanished. Angel Glacier, named
for the two “wings” of ice adhering to the slopes of Mount Edith Cavell
(Lang, 1943), occupies a cirque with a collection area of 0.89 km?. The bulk
of the ice mass lies between 2,250 and 2,600 m (fig. 27). According to
Ostrem (1966, 1973b), the glaciation level is at about 2,600 m asl, with the
equilibrium line altitude some 300 m below. This implies that Angel Glacier
has a generally positive balance; something that seems to be confirmed by
the small hanging glacier (150-190 m long) that flows from it; frequent ice
falls confirm its active nature.

Cavell Glacier

The lower Cavell Glacier is a gently sloping, heavily debris-laden mass
of ice barely reaching 2,000 m asl; its snout is at 1,750 m. The glacier thus
lies entirely below the equilibrium line altitude and survives thanks to its
heavy, insulating debris cover and the shelter from the Sun provided by the
neighboring mountains. Curiously, this was one of the glaciers selected by
the DWPB in 1945 for routine surveys, which was abandoned in 1947 when
it was realized that the tongue was completely separated from the
accumulation area and hence that the debris-covered tongue was not

J262 SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD















Swiftcurrent Icefield, the Resthaven Icefield, and significant ice accumula-
tions around Mount Robson and Mount Sir Alexander (fig. 29).

Victoria Cross Ranges (PN1)

The Victoria Cross Ranges (fig. 1, PN1), 30 by 20 km in size, lie north-
west of Jasper and south of Snaring River. Summit elevations generally rise
westward from 2,500-2,600 m near the Athabasca River to more than 2,900
m in the section facing Treadmill Ridge. These elevations influence the dis-
tribution of the few existing glaciers. In the southern part of the ranges are
well-developed cirques with tarns. In the west, overlooking Miette River,
are several glaciers 0.5 km? in area, and one as large as 1 km® These gla-
ciers terminate at around 2,000 m asl.

Unnamed Ranges (—)

Between the De Smet Range and The Ancient Wall in the east and the
Victoria Cross Ranges and Treadmill Ridge in the west is an 80-km-long
mass of mountains and ranges without a collective name that straddles the
boundary between the Park Ranges and Front Ranges. Peaks heights aver-
age between 2,700 and 2,900 m, with a slight trend to lower elevations
toward the northwest. Only one peak exceeds 3,000 m asl. More than 25
glaciers are scattered through a section just north of the Victoria Cross
Ranges. Seven of these are more than 1 km in length, but most are 0.5 km
or less in length, and only one glacier exceeds 1 km? in area. Between
Snake Indian and Monte Cristo Mountains, at the northern end of these
ranges, is a small ice field about 5 km? in area. Five of the associated gla-
ciers are >1 km long and have termini 2,300 m asl.

Treadmill Ridge (PN2)

The provincial boundary, which in this section of the Rocky Mountains still
lies on the Continental Divide, follows Treadmill Ridge (fig. 1, PN2) from Yel-
lowhead Mountain in the south to Twintree Mountain in the north; streams
from Treadmill Ridge drain eastward into Snaring River and westward into the
Fraser River. Summit elevations increase northward from the 2,400 to 2,500-m
range, through 2,600 to 2,800 m in the middle section, to a maximum of
3,003 m at Swoda Mountain. Increased glacierization of Treadmill Ridge fol-
lows this trend. A few small ice masses, <0.5 km? in area, can be seen in the
southern section. The middle section contains almost 50 glaciers. They aver-
age between 0.5 and 1.5 km in length, terminate between 2,100 and 2,300 m,
and the larger ones tend to lie on the eastern side of the divide. About 10 km?
of the ice is concentrated around Upright Mountain. The densest glacier cover
is in the north, between Calumet Peak and Swoda Mountain. Here, numerous
glaciers cover almost 20 km? in area and include ones more than 3.5 km in
length. The termini of the glaciers are located between 2,300 and 1,950 m asl.
According to @strem (1966), the glaciation level here is more than 2,700 m asl.

Robson Group (PN3)

The Robson Group (fig. 1, PN3) lies between Moose River on the east
and the Smoky and Robson Rivers on the west. Mount Robson will be dis-
cussed below, as it lies within the subsidiary Rainbow Range. Peaks here
are not unusually high, averaging less than 2,800 m, although Lynx Moun-
tain does rise to 3,140 m asl. Glaciers are concentrated in Reef Icefield and
its associated outlet glaciers, the Steppe, Coleman, and Reef Glaciers and
cover about 24 km?. The largest of these is Coleman Glacier with a length of
7.1 km. A northern outlier, about 6 km? in area, lies south of Moose Pass.
Some of the larger glaciers extend below 2,000 m asl but most end between
2,100 and 2,200 m.
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Rainbow Range (PN4)

The southern part of the Robson Group, a block of mountains extend-
ing some 30 km in a northwest direction, is known as the Rainbow Range
(fig. 1, PN4). This part contains Mount Robson (fig. 30), at 3,954 m the
highest mountain in the Rocky Mountains and thus one of the best known
to Canadians. Although Respiendent Mountain exceeds 3,400 m asl, the
other peaks in the range are less than 2,900 m. The western and southern
sides of Mount Robson are so precipitous that little snow adheres to them.
However, on the northeastern side, avalanching ice and snow contribute to
a number of glaciers, of which the largest is Robson Glacier. Mist (2.5 km)
and Berg (3.3 km) Glaciers discharge northward from the mountain; Berg
Glacier produces small icebergs in the lake at its foot (1,638 m), which
gives rise to both its name and that of the lake. A number of small glaciers
lie along the ridge southeast of Resplendent Mountain and north toward
the Reef Icefield. They average less than 2.5 km long and most end below
2,000 m.

Robson Glacier

Robson Glacier (fig. 30) heads in a magnificent snow-filled cirque (Rob-
son Cirque) and flows for 7 km northeast and north to terminate in a small
proglacial lake at about 1,700 m asl. Subsidiary ice streams join from
Resplendent Mountain and Extinguisher Tower. Robson Glacier was visited
by an American Geographical Society expedition in 1953. Glacier limits and
variations were documented using photographic and botanical techniques
(Field and Heusser, 1954; Heusser, 1954, 1956). Although Heusser (1956)
dated moraines to 1801, 1864, 1891, 1907, 1912, 1922, 1931, Watson (1983)
and Luckman (1986) resampled some of his sites and concluded, based on
lichenometric evidence, that some of the trees had been likely overridden
by ice advances in the late 12th or 13th centuries. Some recession values,
including those reported by Wheeler (1915b, 1923), are given in figure 9.
Coleman (1910) observed that the uplift of some warm air masses from the
west by the 3,000 vertical meters of Mount Robson led to almost daily falls
of snow on the summit and that this heavy precipitation must compensate
for the small accumulation area of Robson Glacier.

Whitehorn Group (PN5)

The last large group of glaciers in this area is found northwest of Mount
Robson in the 20 by 156 km Whitehorn Group (fig. 1, PN5). Peaks here
range from 2,800 m asl to well over 3,000 m and include Whitehorn Moun-
tain (3,395 m) and Mount Phillips (3,249 m). The glacier cover stretches in
an almost continuous mass from Mural Glacier in the east past the two large
mountains to the western edge of the group. This ice cover has been
referred to as the Swiftcurrent Icefield after the largest of the outlet gla-
ciers, the 7.5-km long Swiftcurrent Glacier, which pushes down to
1,814 m asl close to the tree line. Other outlet glaciers range in length from
3 to 5 km and most end below 2,000 m.

Unnamed Ranges (—)

The western part of the northern Park Ranges, between the valley of
the Fraser River, which flows in the Rocky Mountain Trench, and the
Whitehorn and Resthaven Groups consists of a number of unnamed
ranges and groups. Generally the peaks are lower in this western part, on
the order of 2,500 to 2,800 m asl. One higher area at the head of Horsey
Creek contains a small ice field and some small local glaciers just less than
10 km? in size. Two small glaciers also lie in cirques below Whiteshield
Mountain between the Swiftcurrent Icefield and Resthaven Icefields.
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Battle of Britain Range

About 37 km? of this range is covered by glaciers. The glaciers lie within
the hydrological basins of Churchilt Creek and of rivers draining northeast-
ward to Racing River and southwestward to Gataga River. Summit eleva-
tions along this divide, from Churchill Peak to the Exploration and
Lindisfarne Peaks, range from 2,200 m to more than 2,600 m asl. Most of the
glaciers are between 1 km? and 3 km? in area, but the largest is almost 5 km
in length and 4.5 km? in area. Glaciers tend to be situated on the northern
slopes of the northeast- to southwest-trending Battle of Britain Range.

Tower of London Range

The area of ice in the Tower of London Range is about 30 km?; glaciers are
situated on either side of the main range line running from Mount Aida north-
ward to Fusilier Peak. Mountain heights rise to a maximum of 2,815 m at
Mount Peck. Glaciers range in size from 0.5 to 2 km? to two glaciers at about
4 km?, including Fusilier Glacier, to the largest, Wokkpash Glacier, at 9 km?, a
compound glacier consisting of four “ice streams” and well-developed medial
moraines. Some 5 km?® of glacier ice is found outside the range to the east.

Italy Range

Summit elevations in this range are comparable to those in the Tower of
London Range, rising to a maximum of 2,853 m at King Peak. The glaciers,
many of which exceed 2 km? in area, lie on either side of the main divide,
which trends to the southwest. They cover a total area of almost 55 km?.
The largest glacier (8 km?) is more than 10 km long and flows northward
from Sicity Mountain.

Allied Leaders Range

This range can be divided into three sections. The southern section, cen-
tered on Tehran Peak (2,734 m) lies south of Grizzly Pass; the largest gla-
cier in this section is about 5 km? in area. In the central section, extending
eastward from Mount Caen (2,762 m) through Normandy Mountain
(2,856 m) to Falaise Mountain (2,743 m), glaciers covering an area of
15 km? are spread out on both sides of the divide; the largest glacier is
3.7km? in area. The final section, south of Delano Creek, extends from
Scheldt Mountain (2,769 m) through Mount Roosevelt (2,815 m) to the
east. Glaciers cover more than 20 km? with two exceeding 4 km?

Total glacier-ice cover in the Allied Leaders Range is about 45 km?. The
largest glaciers extend to about 1,700 m, but most terminate between 1,800
and 1,900 m asl.

North and West of Allies Group

Outside the Alltes Group, glaciers are found up to 10 km to the west.
Glaciers cover some 23.5 km® with one glacier 5.5 km? in size.

Finally, there are still a few glaciers in the Muskwa Ranges up to 30 km to
the northwest of the Allies Group. The main concentration is a few kilome-
ters north in the vicinity of Yedhe Mountain (2,685 m), where 8 km? of ice
lies on the east slope, flowing down to elevations below 2,000 m and scat-
tered in patches toward Toad River.

West of Toad River, and north of Gataga River, are several moraine and
rock-glacier systems amongst which can be found a few small glaciers
amounting in total to less than 1 km? of exposed ice. The northern limit of
glaciers in the Muskwa Ranges lies at 58°25'N. The remaining mountain
blocks (fig. 2), Stone Range (fig. 2, M8), Sentinel Range (fig. 2, M9), Termi-
nal Range (fig. 2, M10), and Rabbit Plateau (fig. 2, M11), are unglacierized.
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The Coast Mountains of Canada extend from southwestern British Columbia to
southwestern Yukon Territory. Highland ice fields and associated outlet glaciers are
present along the erosionally dissected mountain blocks. Mining is difficult in this
area because of the glaciers, and prebistoric and historic jokulhlanps have resulted
from glacier-dammed lakes
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mine site. As ice roads and air transport are not practical for transporting
ore from the mine to an ocean port, much of the early glaciological work
was directed at selecting possible routes for a tunnel connecting the mine
to a concentrator. One of these routes passed beneath Salmon Glacier, so
deep drilling, gravity surveys, and seismic soundings were undertaken to
ensure that the planned tunnel did not intersect glacier ice (Jacobs, 1958;
Mathews, 1959; Russell and others, 1960; Doell, 1963); excellent mapping
and glaciological studies were carried out by Haumann (1960). Four of five
deep holes drilled through Salmon Glacier in 1956 were believed to have
reached bedrock at depths ranging from 495 m to 756 m.

An exploratory cross-cut tunnel at the mine site was driven beneath
Leduc Glacier in 1957, and holes were drilled upward from the tunnel into
the base of the glacier. These holes eventually became connected to the
subglacier drainage network, which caused the lower level of the mine to fill
with water (Mathews, 1964). The inflow of water was sufficiently high in
volume so that the tunnel could not be reclaimed by pumping; therefore, a
complicated engineering operation involving holes that were drilled through
Leduc Glacier and that intersected the tunnel had to be employed in an
effort to stem the water flow (Walsh, 1963). The problem eventually solved
itself when, in midsummer, water level dropped below the tunnel elevation.

Annual snowfall at Stewart is high, averaging 5.6 m a‘l, and at Tide Lake
Camp, a record annual snow fall of 25 m has been recorded. Such high
snowfall in an alpine area obviously creates a grave avalanche hazard. In
February 1965, an avalanche destroyed the Granduc Mine Camp near Leduc
Glacier and claimed more than 20 lives. Defensive measures were subse-
quently taken to control avalanches and protect the camp and access road.

Because the tunnel portal and ore concentrator were sufficiently close to
the terminus of Berendon Glacier, they could have been destroyed by a gla-
cier advance. Glaciologists contributed to the discussion of a possible
advance by measuring mass balance and by predicting glacier variations
from a kinematic wave model (Untersteiner and Nye, 1968; Fisher and
Jones, 1971). They also suggested methods of prevention or mitigation that
used albedo modification (Eyles, 1977; Eyles and Rogerson, 1977b) or that
involved pumping 30°C waste water from the copper mill onto the glacier
(Eyles and Rogerson, 1977a).

Tide Lake Camp originally drew its water from Summit Lake, but in
December 1961, the lake drained unexpectedly through a 12-km melt tunnel
beneath Salmon Glacier. The resulting jokulhlaup (glacier outburst flood)
released 251 x 10% m? of water into the Salmon River drainage. Maximum dis-
charge exceeded 3,000 m3 s‘l, and the flood badly damaged the access road
and a bridge at Ninemile. Until 1961, Summit Lake had drained stably to the
north through Bowser River, but since 1900, Salmon Glacier has thinned con-
siderably. The resulting reduction of ice pressure favors the formation of a
drainage tunnel. The lake now fills and drains annually, but floods are less
severe than the 1961 flood. Jokulhlaups from Summit Lake are among the
best studied of any in the world (Mathews, 1965, 1973; Gilbert, 1971, 1972;
Fisher, 1973, Clarke and Mathews, 1981).

In a fascinating account of the problems facing the mine developers,
Mamen (1966) wrote: “When production is finally achieved.... It will mark
man’s triumph over some of the severest obstacles Nature has ever placed
in the path of mineral discovery and mine development.” This was hardly
an overstatement. By 1970, when production began, practically every con-
ceivable glacier-related problem had been faced.

Glaciers and Outburst Floods

Figure 3 shows an annotated Landsat image of the Stikine-Iskut River
system in the Boundary Ranges of the Coast Mountains. These rivers join
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near the British Columbia-Alaska boundary and flow to the Pacific
Ocean near Wrangell, Alaska. Two unnamed highland glacier systems are
shown in figure 3: one (labeled 1 in figure) lies along the international
boundary and is truncated to the south by the Stikine River valley, and
the other (labeled 2) lies between the Stikine and Iskut Rivers. Hydro-
electric and other development plans for the Stikine-Iskut basin make it
necessary to consider glacier-related hazards to downstream structures.
As an example, the 1979 jokulhlaup from Flood Lake (labeled 6) released
200 x 10% m? of water into the Stikine River, and peak flood discharge was
roughly 3,000 m? s! (Mokievsky-Zubok, 1980; Clarke and Waldron, 1984).
Similar floods have taken place for at least the past century and were
well known to local inhabitants when John Muir visited in 1879 (Muir,
1915). Other large glacier-dammed lakes existed in the past. According
to Native American oral tradition, Great Glacier once bridged the Stik-
ine River (Kerr, 1936; Field, 1975). Perchanok (1980) reports that 78
active or potential glacier-dammed lake sites lie within the Stikine-Iskut
basin and that jokulhlaups from 10 of these could have significant down-
stream effects. Apart from explorers’ reports and geological reconnais-
sance work (for example, Kerr, 1948), scientific studies of the glaciers in
this part of the Coast Mountains are practically nonexistent.

Recreational and Scientific Roles of Glaciers

Besides creating problems for mining and hydroelectric developments,
glaciers give pleasure to hikers and skiers. Figure 4 shows the Coast
Mountains in the region of Garibaldi Provincial Park, a popular alpine rec-
reation area near the Whistler-Blackcomb ski resort and the city of Van-
couver, British Columbia. Perennial snow patches make individual glaciers
difficult to distinguish and give a misleading impression of the amount of
ice cover. All the glaciers are small and tend to be associated with major
peaks. Garibaldi Névé and its outlet glaciers are the largest glacier feature
and lie on the slopes of Mount Garibaldi (2,678 m, labeled 8). Other exam-
ples are Cheakumus, Wedge, and Weart Glaciers associated, respectively,
with Castle Towers Mountain (2,676 m, labeled 4), Mount Wedge
(2,890 m, labeled 3), and Mount Weart (2,834 m, labeled 2). According to
Mathews (1951), these peaks projected as nunataks above the Cordilleran
ice sheet. Mount Garibaldi and several lesser features are volcanic, and
Mathews’ suggestion that “volcanism ceased about the time of disappear-
ance of the last ice sheet” makes for interesting speculation. The climatic
deterioration of the “Little Ice Age” led to a period of glacier growth that
culminated around 1750-1850. At this climax, many of the glaciers were at
their greatest extent since the Cordilleran ice sheet had disappeared. The
climax has been followed by a period of rapid recession that has lasted to
the present time.

Although the glaciers are small, they are relatively well studied owing to
their accessibility from the Squamish-Pemberton road. Sentinel and Sphinx
Glaclers (labeled 7 and 5), near Garibaldi Lake (labeled 6), have received
intermittent scientific attention since 1945 and are well mapped. Their con-
tribution to annual runoff is important; mass-balance variations have been
measured, but ice-thickness and flow-velocity measurements are lacking
(for example, Reid and Shastal, 1970; Mokievsky-Zubok, 1973; Mokievsky-
Zubok and Stanley, 1976a). Wedge Glacier has been mapped, its retreat
monitored, and ice-thickness measurements taken. Its maximum measured
thickness was only 150 m, and this is likely to be typical for other glaciers in
the region (Tupper and others, 1978). Place Glacier, north of Garibaldi
Park, has also been mapped, and mass-balance measurements have been
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The St. Elias Mountains, which straddle the Canadian and U.S. border, are highly
glacierized; ice fields and associated outlet glaciers, plateau glaciers, valley glaciers,
and piedmont glaciers are common. The mix of sub-polar and cold glaciers range in
area from a few km? to more than 1200 km? (Seward Glacier). At least 136 of the
sub-polar glaciers are surge-type glaciers; the looped medial moraines of surging
glaciers are distinctive features on Landsat images. The dynamics of two surging
glaciers, Tweedsmuir and Lowell Glaciers, are analyzed on sequential Landsat
images
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Glaciers, having a total area of about 580 km?, are found in nine western states of
the United States: Washington, Oregon, California, Montana, Wyoming, Colorado,
Idaho, Utah, and Nevada. Only the first five states have glaciers large enough to be
discerned at the spatial resolution of Landsat MSS images. Since 1850, the area of
glaciers in Glacier National Park has decreased by one-third
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Abstract

Glaciers are found in the following States of the Western United States: Washington, Ore-
gon, California, Montana, Wyoming, Colorado, Idaho, Utah, and Nevada. According to the
most recent sources, these glaciers have a total area of about 580 km?. The earliest recorded
glacier observations were made in 1857, and all the major glacier areas were known by the
early part of the 20th century. Glacier inventories have been completed or are in progress for
several major glacierized areas. The major source materials for modern glacier inventories of
the Western United States are the various U.S. Geological Survey topographic map series at
scales of 1:24,000, 1:62,500, 1:100,000, and 1:125,000 and the vertical aerial photographs used
to compile these maps. Where these sources are not available, oblique aerial photographs
have been used to delineate the extent of glaciers and to update glacier margins where signif-
icant change has taken place. Landsat images and digital data have been used in glacier stud-
ies in the conterminous United States. However, the spatial resolution of Landsat is such that
only glaciers in the States of Washington, Oregon, California, Montana, and Wyoming can be
effectively observed from Landsat 1, 2, and 3 data. In the remaining States, the Landsat data
can often offer regional views of moraines from past glaciation and can also be useful in the
study of glacial geology and the variations in seasonal snow cover.

Introduction

Glaciers are found in the following States of the Western United
States: Washington, Oregon, California, Montana, Wyoming, Colorado,
Idaho, Utah, and Nevada. The single most comprehensive work on the
glaciers in these States is volume 1 of “Mountain Glaciers of the North-
ern Hemisphere,” edited by William O. Field (Field, 1975), and he
relied on the expertise of numerous people as coauthors. The work
attempted to list all glaciological literature and other reference material
(including maps, aerial photographs, and terrestrial photographs avail-
able for each area), in addition to creating a comprehensive glacier
inventory. Numerous references are cited at the end of each chapter.

Manuscript approved for publication 7 March 2002.

1yus. Geological Survey, 1201 Pacific Avenue - Suite 600, Tacoma, WA 98402.
2us. Geological Survey, Glacier National Park, West Glacier, MT 59936.
3 U.S. National Park Service, Glacier National Park, West Glacier, MT 59936.
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Perhaps the single most referenced source on the distribution of glaciers in
the conterminous United States is a paper by Meier (1961a), who reported
on a survey of United States glaciers carried out from 1957 to 1959. Brown
(1989) summarized the status of work on compiling a glacier inventory of
the United States. Snyder (1996) compiled a bibliography of glacier studies
by the U.S. Geological Survey (USGS) that includes numerous citations to
studies of glaciers in the Western United States. This section in “Satellite
Image Atlas of Glaciers of the World” must, by the nature of the subject,
parallel the work of Meier (1961a) and Field (1975), but it will also stress
those data available from the Landsat 1, 2, and 3 series of satellites.

The distribution of glaciers in the Western United States can be most
logically categorized by using the physiographic provinces that encompass
various mountain ranges. These mountain ranges can be divided arbitrarily
by States, which are used as the primary geographic categorization in this
section for glaciers in the Western United States.

Historical Observations

All of the major glacier areas in the Western United States were known
by the early 20th century. The earliest recorded glacier observations were
made by Kautz in 1857 (Kautz, 1875). Other pre-1900 glacier observations
include those of Clarence King (1871), John Muir (1894), and I.C. Russell,
who published two comprehensive works: “Existing Glaciers of the United
States” (Russell, 1885) and “Glaciers of Mount Rainier” (Russell, 1898).
These reports contained maps of glacier cover for a small area of the Sierra
Nevada (fig. 1), Mount Shasta, the Lyell Glacier* (Yosemite National Park),
and Mount Rainier (fig. 2), as well as numerous sketches of glaciers. A
series of reports by F.E. Matthes from 1931 to 1945, published in the Trans-
actions of the American Geophysical Union (Matthes, 1931, 1932, 1933,
1934, 1935, 1936, 1937, 1938, 1939, 1940, 1941, 1942, 1944, and 1945),
attempted to summarize contemporary glacier research for that period.
With the advent of regionally comprehensive vertical aerial photographs
and topographic maps compiled from these photographs, some detailed
glacier inventories have subsequently been compiled (Post and others,
1971; Graf, 1977; Raub and others, 1980; and Spicer, 1986). Another com-
prehensive source of glacier data that includes information on United
States glaciers is the Permanent Service on the Fluctuations of Glaciers
(now part of the World Glacier Monitoring Service), which has published
seven volumes since 1967 summarizing glacier changes during seven suc-
cessive 5-year periods (Kasser, 1967 and 1973; Miiller, 1977; Haeberli,
1985; Haeberli and Miiller, 1988; Haeberli and Hoelzle, 1993; Haeberli and
others, 1998).

The long-term measurement of changes in termini position and mass bal-
ance of glaciers (Fountain and others, 1991; @strem and Brugman, 1991) is
important to understanding both the relationship of glacier fluctuation to
climate change and to the contribution of glacier meltwater to the total
annual discharge of a hydrologic basin (Fountain and Tangborn, 1985a,b).
The latter application is especially important where the drainage basin is
used for irrigation or for the generation of hydroelectric power.

+The geographic place-names given in the text have been approved for each State by the U.S.
Board on Geographic Names. Unapproved names for glaciers are shown in italics.
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glacierized areas in short time periods, which is generally unacceptable for
inventory work. Therefore, most inventories are made during a year, or
multiple years, of abnormally light winter snow and (or) a hot, dry summer,
which reduce snow-patch areas to a minimum.

Another practical problem in most glacier inventories is that it is normally
impossible to record every small mass of snow and ice that might fit the gla-
cier definition. For this reason, a minimum size limit, in addition to the more
common definition of glacier, is often stipulated in glacier inventories. The
minimum size is determined by the quality of data, the hydrologic importance
of the snow and ice, and the interest spurred by tourists and recreationalists.
For an inventory in the north Cascades (northern Cascade Range) of Wash-
ington State, a minimum area of 0.1 km” was used (Post and others, 1971).
For an inventory in the Sierra Nevada of California, a minimum area of 0.01
km? was used (Raub and others, 1980; unpub. data). It is not the intent of this
Landsat image atlas to inventory glaciers, and no arbitrary minimum size for
glaciers has been assigned; however, the effective spatial resolution of Land-
sat’s sensors imposes a minimum on the order of 1 km? where used for glacio-
logical studies.” However, 1 km® as the minimum glacier size would be
absurd in California because only one glacier, Palisade Glacier, is more
than 1 km? in area (Raub and others, 1980; unpub. data).

Mapping of Glaciers

In the Western States, numerous small glaciers exist over a very large
area. Glacier distribution and area are listed in table 1. Because of the scat-
tered distribution, no comprehensive study of glacier extent was done previ-
ous to the compilation of modern topographic maps. A few studies were
made of isolated areas before 1960, however. Most of these consisted of gen-
eral observations and, in some cases, photographic records; they are, for the
most part, referenced in Field (1975). In some areas, a few outstanding pho-
tographs of glaciers, taken primarily for artistic purposes or the promotion
of tourism, exist from as early as 1900. Some of these have found their way
into modern reports and are used to compare glaciers qualitatively.

The major source materials for modern glacier inventories are the vari-
ous USGS topographic map series at scales of 1:24,000, 1:62,500, 1:100,000,
and 1:125,000 and the vertical aerial photographs that were used to com-
pile these maps. In some instances, modern maps are not available for
important glacierized areas, in which case modern oblique aerial photo-
graphs have been used to delineate the extent of each glacier. This oblique
aerial photography also has been used to update glacier margins in areas
where significant change has taken place.

The tool most useful in describing the geometry of a glacier is a topo-
graphic map. Commonly, the USGS topographic map series do not show suf-
ficient detail to satisfy a specific glaciological need, and a special map must
be produced for a specific glacier. Such special maps, mostly unpublished,
have been made for the South Cascade, Nisqually, and Klawatti Glaciers
(Meier, 1966), Blue Glacier (Tangborn and others, 1990), and Shoestring
Glacier in Washington; the Eliot and Collier Glaciers in Oregon; the McClure
and Palisade Glaciers in California; the Grinnell and Sperry Glaciers in Mon-
tana; the Dinwoody Glacier in Wyoming; and several glaciers in Colorado.
Normally the vertical aerial photographic surveys used for these maps were
done in the early fall, a time particularly advantageous to the mapping of

5 Theoretically, for the 79-m pixel size of the Landsat multispectiral scanner image, a glacier 0.2
km? in area could be resolved (approximately 2.8 times the pixel size). From a practical standpoint,
however, a glacier 1 km® in area (1 mm> on a 1:1,000,000-scale Landsat multispectral scanner image)
is about the smallest that can be unambiguously delineated under optimum contrast conditions.
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TABLE 1.—Areas of glaciers in the western conterminous United States
[Glacier areas in the first column are taken from Meier (1961a); dashes mean not determined by Meier. Glacier areas in the
second column are from Meier (1961a) where a more recent source is not available. The change in area between 1961 and
the more recent source is normally due to a more complete data set rather than a true change. An asterisk indicates that
the value is estimated. Glacier numbers correspond with those in figure 5]

Area (square kilometers)
Location More recent source,
Meter (19612) where available '
Washington
1. North Cascades! (northern Cascade Range)..... 251.7 2267.0
2. Olympic MOUNEAINS ...........ovvrveeereeerreecerereereenens 33.0 345.9
3. Mount Rainier ..........cccoovereirneernneneeeinnieeneens 87.8 192.1
4. Goat ROCKS area.........ccovvrveeenmveesiiicericeeeerceenenene 1.5 15
5. Mount Adams..... *16.1 #16.1
6. Mount St. Helens ............ccoveveereurresnreeonrmsssesesennnes 7.3 55.92/2.16
Total....... 3974 4285/424.8
Oregon
7. MoUNt HOOM ... rereeree e sseeseesessasssenenns 9.9 4135
8. Mount Jefferson..........ccvvvveeurrcerererennerercrseccnnne 3.2 3.2
9. Three SiSters Area...........coovueveviservsesrreerseesssennnns 7.6 183
10. Wallowa MOUNtains.........ccooeeeeievveeereerescrenereennnne — *1
Total...... 207 25.1
California
11. MoUNE SRASEA ...cvvveniereeriereriree st 5.5 6.9
12. Salmon-Trinity Mountains. 3 3
13, SierTa Nevada......cco.vueeeereeeeoeeesserseesseeesseosseennen 13.1 650.0/63.0
Total ..... 189 57.2/70.2
Montana
14. Glacier National Park 13.8 28.4
15. Cabinet RANGE......covrvvrvcerereeereieeeesssasssensssennes 5 "5
16. Flathead-Mission-Swan Ranges..............cccc..... *1.2 2.3
17. Crazy MOUNLAINS..........ovvoeeeeeeeereeeeeeeeeeses e *5 Tk 4
18. Beartooth Mountains ..............cccoeueeerereeeessevenrenes 10.8 710.9
Total....... 268 425
Wyoming
19. Big Horn Mountains. 3 1.0
20. ADSArOKa RANGE. .....vcovvrrveresrerererrisesssensasssensanes *7 7
21, TELON RANGE «......oeoveeereeeeeereees oo sensesesessseeees 2.0 %
22. WInd River RANEE .....oocevovereeeeoeceoree oo 445 316
Total....... —47_5 WB_
Colorado
23. Rocky Mountain Park-Front Range, others ....... 1.7 15
Idaho
24, Sawtooth MOUNLAINS .........ooeeerrveirrvenreenrsssennaenss — 81.0
Utah
25. Wasatch MOUNLAINS ..........ooveeeivenrercessensssieessnsenanns — 92
Nevada
26. Wheeler Peak........cccocevvrreecenennnrcnenennennneneeecenns 2 2

! The region bounded by the Canadian border on the north, Snoqualmie Pass on the south, the
Puget Lowlands on the west, and the Columbia and Okanogan Rivers on the east.

2 Post and others, 1971.

3 Spicer, 1986.

4 Driedger and Kennard, 1986.

5 Brugman and Meier, 1981. Before/after eruption of 18 May 1980.

6 Raub and others, 1980; unpub. data. The 50-km’ area includes glaciers plus moraine-covered
ice; the 63-km? area includes glaciers, moraine-covered ice, and small ice bodies not large enough
to be considered glaciers.

7 Graf, 1977.

8 Estimated; various observers have reported numerous small glaciers.

9 Timpanogos Cave, Utah, USGS 1:24,000-scale topographic map.
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TABLE 2.—Optimum Landsat 1, 2, and 3 MSS and RBV images of glaciers of the western conterminous United States —Continued
[See fig. 5 for explanation of symbols used in “code” column]

Path- Nominal Landsat els‘(l);?iron Cloud
scene center identification Date Code cover Remarks
Row (lat-long) number angle (percent)
(degrees)
41-30  111°10'W. 5509-16492 09 Sep 76 39 0 Central western Wyoming and eastern Idaho. No sig-
®
043°05'N. nificant glaciers in the region
42-28  111°30'W. 1790-17354 21 Sep 74 39 . 0 Southwestern Montana. No significant glaciers in the
045°55'N. region
42-29  112°04'W. 1790-17361 21 Sep 74 40 ’ 0 Southwestern Montana and northeastern Idaho. No
044°30'N. significant glaciers in the region
42-33  114°08'W. 22064-17363 16 Sep 80 45 ‘ 0 Wheeler Peak, Nev. No significant glaciers in the
038°49'N. region
43-28  112°56'W. 30558-17395 14 Sep 79 41 ‘ 0 Western Montana. Good image of moraines. No signif-
045°55'N. icant glaciers in the region
43-29  113°30'W. 1791-17415 22 Sep 74 40 ‘ 0 Eastern Sawtooth Range, Idaho. No significant gla-
044°30'N. ciers in the region
43-30  114°02'W. 22029-17405 12 Aug 80 51 . 0 Southern Sawtooth Range, Idaho. No significant gla-
043°05'N. ciers in the region
44-26  113°09'W. 30523-17452 10 Aug 79 49 . 5 Glacier National Park and Lewis Range, Mont. Some
048°44'N. previous winter snow in the highlands (fig. 17)
44-26  113°09'W. 30559-17445 15 Sep 79 39 . 0 Glacier National Park and Lewis Range, Mont.
048°44'N.
44-26  113°09'W. 30919-17342-C 09 Sep 80 39 . 0 Glacier National Park and Lewis Range, Mont.
048°44'N. Archived by USGS-SGP
44-27  113°47'W. 30523-17454 10 Aug 79 50 . 0 Flathead, Mission, and Swan Ranges, Mont. No signif-
047°20'N. icant glaciers in the region
44-28  114°22'W. 2230-17452 09 Sep 75 43 ’ 0 Bitterroot Range, Idaho- Mont. No significant glaciers
045°55'N. in the region
44-28  114°22'W. 30559-17454 15 Sep 79 41 . 0 Bitterroot Range, Idaho- Mont. No significant glaciers
045°55'N. in the region
44-29  114°56'W. 2626-17371 09 Oct 76 33 . 0 Sawtooth Range, Idaho. Some snow in the highlands.
044°30'N. No significant glaciers in the region (fig. 20)
44-29  114°56'W. 30559-17460 15 Sep 79 42 . 0 Sawtooth Range, Idaho. No significant glaciers in the
044°30'N. region
44-35  117°56'W. 1396-18001 23 Aug 73 54 0 Southern Sierra Nevada, Calif. No significant glaciers
®
035°58'N. in the region
45-26  114°36'W. 22085-17505 07 Oct 80 31 . 0 Glacier National Park and Lewis Range. Cabinet
048°44'N. Mountains, Mont.
45-26  114°36'W. 30542-17505-B 29 Aug 79 44 . 5 Glacier National Park and Lewis Range, Mont.
048°44'N.
45-27  115°13'W. 2165317452 02 Aug 79 51 . 5 Western Montana. No significant glaciers in the region
047°20'N.
45-28  115°48'W. 21293-17323 07 Aug 78 49 . 0 Western Sawtooth Range, Idaho. No significant gla-
045°55'N. ciers in the region
45-29  116°22'W. 21293-17325 07 Aug 78 49 . 0 Southwestern Sawtooth Range, [daho. No significant
044°30'N. glaciers in the region
45-34  118°54'W. 30578-17532 04 Oct 79 40 . 0 Sierra Nevada, Calif. No significant glaciers in the
037°24'N. region (fig. 13)
45-34  118°54'W. 30578-17532— A 04 Oct 79 40 . 0 Northern Sierra Nevada, Calif. (fig. 14). Archived by
037°24'N. USGS-SGP
45-34  118°54'W. 30578-17532-D 04 Oct 79 40 . 0 Southern Sierra Nevada, Calif. (fig. 15). Archived by
037°24'N. USGS-SGP
46-26  116°02'W. 30561-17561 17 Sep 79 38 0 Cabinet Mountains, Idaho-Mont. No significant gla-
®
048°44'N. ciers in the region

GLACIERS OF THE CONTERMINOUS UNITED STATES J341



TABLE 2—Optimum Landsat 1, 2, and 3 MSS and RBV images of glaciers of the western conterminous United States —Continued
[See fig. 5 for explanation of symbols used in “code” colurn}

Path. Nominal Landsat Solar Cloud
Row scene center identification Date elevation Code cover Remarks
(lat-long) number ( d?zgiis) (percent)

46-29  116°39'W. 1380-18093 07 Aug 73 53 . 0 Wallowa Mountains, Oreg. No significant glaciers in
047°20'N. the region

46-33  119°52'W. 30561-17591 17 Sep 79 45 . 0 Northern Sierra Nevada, Calif. No significant glaciers
038°49'N. in the region

48-31  121°45'W. 21710-18055 28 Sep 79 39 . 0 Mount Shasta, Calif.
041°40'N.

48-31  121°45'W. 30905-17595- C 26 Aug 80 47 O 15 Mount Shasta, Calif. Archived by USGS-SGP
041°40'N.

49-26  120°20'W. 21657-18080 6 Aug 79 49 O 10 Northern Cascade Range, Wash.
048°44'N.

49-27  120°57'W. 1419-18251 15 Sep 73 41 ‘ 0 Northern Cascade Range, Mount Rainier, Wash.
047°20'N.

49-27  120°57'W. 30888-18043- C 09 Aug 80 49 . 0 Mount Rainier, Wash. (fig. 10). Archived by
047°20'N. USGS-SGP

49-28  121°32'W. 22053-18143 05 Sep 80 43 ‘ 0 Mount St. Helens, Goat Rocks, Mount Adams, Mount
045°5'N. Hood, Wash. (fig. 12)

49-28  121°32'W. 30888-18050-B 09 Aug 80 49 . 0 Mount Adains, Wash. Archived by USGS-SGP
045°55'N.

49-28  121°32'W. 30942-18031-D 02 Oct 80 34 . 0 Mount Hood, Wash. Archived by USGS-SGP
045°55'N.

49-29  122°06'W. 21657-18091 06 Aug 79 51 . 0 Mount Jefferson, Three Sisters Range, Oreg. Some
044°30'N. previous winter snow in the highlands.

49-29  122°06'W. 30150-18160-B 02 Aug 78 53 ’ 0 Mount Jefferson, Oreg. Some previous winter snow in
044°30'N. the highlands. Archived by USGS-SGP

49-29  122°06'W. 30150-18160-D 02 Aug 78 53 ’ 0 Three Sisters Range, Oreg. Some previous winter
044°30'N. snow in the highlands. Archived by USGS-SGP

49-30  122°39'W. 1041-18271 02 Sep 72 48 . 0 Southern Oregon. No significant glaciers in the
043°05'N. region. Some snow in the highlands

49-31  123°11'W. 21693-18111 11 Sep 79 44 ’ 0 Salmon and Trinity Mountains, Mount Shasta, Calif.
041°40'N.

50-26  121°46'W. 1420-18303 16 Sep 73 39 ‘ 0 Northern Cascade Range, Wash.
048°44'N.

50-26  121°46'W. 30223-18211-D 14 Oct 78 29 ‘ 0 Northern Cascade Range, Wash. Archived by
048°44'N. USGS-SGP

50-27  122°23'W. 30583-18190 09 Oct 79 32 . 0 Northern Cascade Range, Olympic Mountains, Mount
047°20'N. Rainier, Wash.

50-27  122°23'W. 30889-~18102-D 10 Aug 80 48 ‘ 0 Mount Rainier, Wash. Archived by USGS-SGP
047°20'N.

50-28  122°58'W. 30889-18104-B 10 Aug 80 48 ‘ 0 Mount St. Helens, Wash. (fig. 12C) Archived by
045°55'N. USGS-SGP

51-27  123°50'W. 2993-17590 11 Oct 77 28 . 0 Olympic Mountains, Wash. (fig. 9)
047°20'N.

51-27  123°50'W. 30926-18144-B 16 Sep 80 38 . 0 Olympic Mountains, Wash. Archived by USGS-SGP
047°20'N.

! USGS-SGP is the U.S. Geological Survey-Satellite Glaciology Project (renamed the Glacier Studies Project).
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Glacier Retreat in Glacier National Park, Montana
By Carl H. Key,® Daniel B. Fagre®, and Richard K. Menicke”

Glacier National Park encompasses a relatively large, mountainous region
(4,080 km?) of northwestern Montana that borders southern Alberta and
British Columbia, Canada. It was established in 1910 because of its glaciers
and unique, glacially carved topography located along the crest of the Rocky
Mountains. In the 1990’s, 37 named glaciers existed in Glacier National Park.
All named glaciers within the park are mountain glaciers that have retreated
dramatically since the middle 19th-century end of the Little Ice Age in the
Western United States. All but one glacier are contained in the northern
two-thirds of Glacier National Park between lat 48°30' and 49°00' N. and
long 113°30" and 114°15' W. All head on the Continental Divide or near the
divide on lateral connecting ridges. Mountain peaks in this glacierized
region range from 2,560 m to 3,190 m in elevation at Mount Cleveland, the
glacier-terminus elevations lying generally between 2,000 and 2,400 m.

Observations of the glaciers of Glacier National Park date from the sec-
ond half of the 19th century. The earliest delineation of Glacier National
Park glaciers is found on a map by Ayres (1898) that was made in conjunc-
tion with timber inventories of the former Flathead Forest Reserve. All of
the present Glacier National Park was included in the map. The scale of
Ayres’ map is nominally 1:440,000, and some drainage features are incor-
rect, but it does provide clues to the areal extent of some of the first recog-
nized glaciers in Glacier National Park. The first systematic mapping of the
glaciers in the park is presented on the U.S. Geological Survey (USGS)
1:125,000-scale Chief Mountain and Kintla Lake quadrangle maps, pub-
lished in 1904 and 1906, respectively. These maps resulted from planetable
topographic surveys conducted between 1900 and 1904. It is important to
note the number and relative sizes of named glaciers in these maps. Com-
parison with recent data shows that conspicuous changes have taken place
during the 20th century. Unfortunately, the scale and horizontal control are
such that quantitative measurements can only be crudely approximated to
compare with contemporary map, photographic, and image sources.

In 1914, Alden published a description of Glacier National Park glaciers,
which includes many oblique photographs of glaciers made from 1887 to
1913. Although not entirely complete, Alden’s work remains the only mono-
graph to describe characteristics of the park’s glaciers at the start of the
20th century. In 1952, Dyson published an updated list of glaciers. How-
ever, it does not contain much descriptive material.

The most comprehensive and accurate depiction of Glacier National
Park glaciers is obtained from USGS 1:24,000-scale quadrangle maps pub-
lished in 1968 and compiled by the use of stereophotogrammetric tech-
niques from aerial photographs made between 1963 and 1966. These maps
provide an important benchmark for a parkwide assessment of glacier sta-
tus. In addition, aerial photographs taken in 1950, 1960, 1968, and 1993
cover most of Glacier National Park’s glaciers in late summer and provide
additional data, both before and after the 1968 maps.

The USGS 1968 maps depict 83 ice-and-snow bodies having areas that
exceed 0.1 km? within the boundary of Glacier National Park. Post and oth-
ers (1971) use an area of 0.1 km? as a practical minimum size in order to
indicate the presence of perennial ice-and-snow bodies in regional mapping
and glacier-inventory surveys. Of these 83 ice-and-snow bodies, 34 are
named glaciers. The three additional named glaciers within the park have
areas less than 0.1 km?® (table 3).

6 U.S. Geological Survey, Glacier National Park, West Glacier, MT 59936.
7 U.S. National Park Service, Glacier National Park, West Glacier, MT 59936.
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TABLE 3.—Named glaciers of Glacier National Park and vicinity, Montana

[Glacier area at the end of the Little Ice Age is shown under “1850 area.” “Most recent area” refers to the primary body of a
glacier in the year displayed below “Source year.” “Number of snow patches/glacierets” indicates the number of separate
masses of perennial ice and snow in the cirque(s) associated with each glacier, based on 1:24,000-scale USGS quadrangle
maps compiled from 1966 aerial photography. In most cases, the snow patches/glacierets are separate remnants of a gla-
cier's former extent. Abbreviation: N., North. Leaders (), not recorded; parentheses, estimated}

Number ) 1850 area Most recent Source Number of
(fig. 23) Named glacier .(square area (square year snow I?atches/
kilometers) kilometers) glacierets
3 4.06 1.02 1993 10
21 - .59 1966 10
4 - 12 1966
33 17,59 1.74 1979 3
5 - 23 1966
14 - A7 1966 6
18 - 54 1966 10
13 - .29 1966 3
26 - .02 1966
25 %2.33 .88 1993 6
1 - 15 1966
31 3.09 1.06 1993 18
10 - 14 1966
11 - .09 1966 4
19 - .32 1966 8
32 1(3.44) (1.02) 1979 23
2 - .66 1966 13
35 92 343 1993 1
37 - .14 1966 1
15 - .20 1966
22 - .07 1966
20 - A2 1966 10
28 - .28 1966 1
34 1.84 72 1979 9
7 - 1.21 1966 6
36 .49 315 1993 2
29 - 40 1966 4
17 - .20 1966 5
27 - 22 1966 3
30 3.76 .87 1993 7
23 .70 14 1993 4
24 - 223 1993 1
12 - .19 1966 6
8 - 43 1966 4
77 .21 1993 14
- .56 1966 4
16 - .24 1966 10
39 - 34 1995 1
38 - 37 1995 1
Total  525.55 616.34

! The area for Blackfoot Glacier encompasses Jackson Glacier. The area reported for Jackson
Glacier is the estimated part of Blackfoot Glacier that yielded Jackson Glacier after the two became
separate glaciers.

% The area for Grinnell Glacier encompasses what would later be called The Salamander, an ice
apron.

3 Considered to be stagnant or no longer active in 1979 by Carrara and McGimsey.

4 Grant and Stanton Glaciers are located outside Glacier National Park.

5 Total area includes 11 of 37 named glaciers in Glacier National Park.

5 Total area from 1966, 1979, and 1993. Source material includes 37 named glaciers in Glacier
National Park and 2 outside the park.
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maximum area during the Little Ice Age (fig. 256C). Vulture Glacier, having
a 1993 area of only 0.21 km?, had receded about 18 percent since 1966. In
1993, it occupied only about 28 percent of its 1850 area (fig. 26D). Swift-
current Glacier, another small glacier (1993 area of 0.14 km?), appears to
be fairly stable. It had receded nearly to its 1993 size by 1966, and it has a
relatively high terminus elevation of 2,200 m in a well-shaded, northeast-
facing cirque (fig. 28).

The retreat of the glaciers observed in Glacier National Park in recent
years is consistent with a trend observed in temperate glaciers in other
regions during the last 150 years. Evidently, climate (temperature and pre-
cipitation) is the primary controlling factor. Two reasonable hypotheses
warrant consideration. In the first, the temperature warmed quickly during
the middle 1800’s and then remained relatively stable, so that today’s gla-
ciers are still responding to that one change. In the second, the tempera-
ture has continued to warm since the Little Ice Age, although it has
included some brief periods of cooling. In neither hypothesis has precipita-
tion increased. Sigurdsson and Williams (1998) agreed with the second
hypothesis with respect to Iceland’s glaciers.

The hypothesis that temperature has continued to warm since the Little
[ce Age implies that fluctuations of glacier termini are more closely coupled
to temperature change and react within shorter time frames than would be
implied by the hypothesis that temperature warmed quickly during the
middle 1800’s and then remained relatively stable. To address these issues
specifically, the authors recommend the following be instituted: (1) inter-
vals and magnitudes of climate variation be correlated more explicitly to
the recession rates of glaciers in the park, (2) new long-term mass-balance
measurements be carried out, and (3) complete thermodynamic budgets
be determined that account, individually and over time, for glacier-bed
morphology, elevation, and exposure to solar radiation. In any case, it is sig-
nificant that, in spite of favorable topographic settings, Glacier National
Park’s larger glaciers are shrinking and have not reached an equilibrium
with today’s climate.

Recent Glacier Trends

An often asked question is, “How have glaciers changed in area, length,
or volume with time?” The answer must be qualified. 1t is relatively simple
to observe specific glaciers for several decades, as has been done at the
Nisqually and South Cascade Glaciers, as well as at several other glaciers. In
all cases, these long records have shown general recession. As the observa-
tion frequency is increased, however, some of these records have shown
periods of advance within the general retreat, and these periods of advance
do not always correlate from glacier to glacier. In fact, glaciers that are side
by side geographically sometimes behave differently. These short advances
in the overall trend are a result of the complex interaction between the
effects of elevation, latitude, exposure, basin area-elevation distribution,
the variables of climate, and the individual glacier’s dynamic-response char-
acteristics. A strategy for monitoring glaciers of the United States and other
glacierized regions is discussed by Fountain and others (1996) and was the
subject of a 1996 workshop on long-term monitoring of glaciers of North
America and northwestern Europe (Williams and Ferrigno, 1997).

An apparent contradiction exists in this general long-term recession.
Table 1 gives glacier areas from Meier (1961a) and from more recent
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sources, where available. Many of the recent sources show an increase in
total ice during the last 10 to 20 years. An incorrect conclusion is that gla-
cler cover has increased. The correct conclusion is that more glacier cover
has been recorded as a result of better source material, mainty maps and
vertical aerial photographs. Had the same quality of source material been
available and the same methodology been applied for the earlier determina-
tions of area, the apparent trend of glacier increase seen in table 1 would
almost certainly be reversed.
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Glaciers in México are restricted to its three highest mountains, all stratovolcanoes.
Of the two that have been active in historic time, Volcdn Pico de Orizaba (Volcdn
Citlaltépetl) has nine named glaciers, and Popocatépet] has three named glaciers. The
one dormant stratovolcano, Iztaccibuatl, has 12 named glaciers. The total area of the
24 glaciers is 11.44 square kilometers. The glaciers on all three volcanoes have been
receding during the 20th century. Since 1993, intermittent explosive and effusive
volcanic activity at the summit of Popocatépetl has covered its glaciers with tephra
and caused some melting
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GLACIERS OF NORTH AMERICA—-

GLACIERS OF MEXICO

By SIDNEY E. WHITE!

Abstract

Glaciers in México are limited to its three highest mountains, all of which are volca-
noes: Volean Pico de Orizaba (Volcan Citlaltépetl), Volcan Iztaccthuatl, and the active
(since 1993) Volcin Popocatépetl, which have 9, 12, and 3 named glaciers, respectively.
The total area of the 24 glaciers is 11.44 square kilometers. All of México’s glaciers are
small, with areas rarely exceeding a few tenths of a square kilometer, except for the ice
cap and firn field of Gran Glaciar Norte on Citlaltépetl, which has an area of 9.08 square
kilometers and from which seven outlet glaciers emanate. The small areal dimensions of
México's glaciers severely restrict the usefulness of Landsat multispectral scanner
images for delineating individual glaciers or for monitoring variations in terminus posi-
tion. The nearly threefold improvement in spatial resolution of the Landsat 3 return
beam vidicon images compared to multispectral scanner images (30-meter versus a 79-meter
pixel), permits a more accurate delineation of the mountain glaciers of México.

Introduction

Under the present climatic conditions, three volcanoes in south-central
México, all having highest elevations in excess of 5,000 m, support numer-
ous smalt glaciers. (1) Volcan Pico de Orizaba (Volcan Cit}altépetl)z, a
5,610-m-high (Simkin and Siebert, 1994; previous value was 5,675 m) stra-
tovolcano in the State of Veracruz, supports nine named glaciers. Seven vol-
canic eruptions have been recorded there in historic time, the last in 1687
(Simkin and others, 1981). (2) Volcan Iztaccihuatl, a 5,230-m-high (Simkin
and Siebert, 1994; previous value was 5,286 m), dormant Holocene strato-
volcano in the State of Puebla, has three summits and 12 named glaciers.
(3) Volcan Popocatépetl, a 5,465-m-high (Simkin and Siebert, 1994, previ-
ous value was 5,452 m) stratovolcano in the State of Puebla, has three
named glaciers. Since 1345, Popocatépetl has been the site of at least 25,
and perhaps as many as 30, eruptions, the last at this writing in January
2001 (Simkin and Siebert, 1994; Smithsonian Institution, 1994, 1995, 1996,
1997, 1998, 1999, 2000; Roberto Quaas, written commun., 1997). The
author also observed one gas-column eruption on 7 April 1953.

The equilibrium line altitude (ELA) of glaciers on Iztaccihuatl and
Popocatépetl is 4,880 m and 4,925 m, respectively; the ELA of glaciers on
Citlaltépett is not known. No other highland areas in México are sufficiently
high to be above the present-day snowline. During the Illinoian age of the
Pleistocene Epoch, however, the ELA was as low as 3,510 m on Iztaccthuatl
during the Tonicoxco (Tomicoxco) advance and was somewhat higher

Manuscript approved for publication 7 March 2002.

! Department of Geological Sciences, Ohio State University, 2756 Mendenhall Laboratory, 125 South
Oval Mall, Columbus, Ohio 43210-1398.

2 Most of the geographic place-names used in this section are from the Gazetteer of Mexico (U.S.
Board on Geographic Names, 1992). An exception is Citlaltépetl, where the Nahuatl place-name is used
instead of the Spanish one (Volcan Pico de Orizaba). Throughout the text, references to Citlaltépetl, Iztac-
cthuatl, and Popocatépetl are, after the first mention, without Volcan in the title. A few names not listed in
the gazetteer are shown in italics.
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during other advances. Cerro Ajusco, a 3,937 m-high volcanic mountain
south of Mexico City in the Federal District (D.F., Distrito Federal), sup-
ported glaciers during times of lower ELA during the late Wisconsinan age
and during the late Holocene Epoch (early neoglaciation and middle
neoglaciation) (White, 1981a, 1984). The following discussion of the gla-
ciers on Citlaltépetl, Iztaccihuatl, and Popocatépetl emphasizes historic
and modern observations.

Volcan Pico de Orizaba (Volcan Citlaltépetl)

At 5,610 m (Simkin and Siebert, 1994; previous value was 5,675 m,
which is used as the reference elevation in the text for glacier eleva-
tions), Citlaltepétl is the highest mountain in México and the third high-
est on the North American Continent. It contains the largest ice cap and
firn field in México (Gran Glaciar Norte) and has nine named glaciers
(fig. 1 and table 1), including the ice cap, its seven outlet glaciers, and a
mountain (niche) glacier. Its name is derived from the Nahuatl words Cit-
lalli (star) and tépetl (mountain). However, its officially recognized name
is Spanish, Pico de Orizaba. Situated at lat 19°02' N. and long 97°17' W., it
is 210 km east of Mexico City and 120 km west of Veracruz and the Gulf of
Mexico. Topographic maps of Citlaltépetl are sold by the Comisién Car-
tografica Militar, Secretaria de la Defensa Nacional, México, D.F. Provi-
sional maps by Estudios y Proyectos, Asociacién Civil (A.C.), México,
D.F., also may be purchased. Vertical aerial photos taken in 1955 by the
Comisién del Papaloapan are in the Instituto de Geografia, Universidad
de México, México, D.F. Oblique aerial photographs taken in 1942 are
available from Compafiia Mexicana Aerofoto, Sociedad Anénima (S.A.),
México, D.F.

Because of its inaccessibility due to the 210-km distance from Mexico
City and the 42-km journey from Tlalchichuca or the 46-km trip from San
Andres Chalchicomula by alternate third-class roads to trailheads from
the northwest (fig. 2), Citlaltépetl rarely has been studied from any view-
point. However, being the highest and the most esthetic mountain in Méx-
ico—a white shining star in the east—it caught the attention of Europeans
early in the development of the country and was climbed several times from
the mid-1800’s to the early 1900’s (Galeotti, 1850; Plowes and others, 1877;
Angermann, 1904; Waitz, 1910). Glaciers and snowfields were mentioned in
the description of these climbs because they were along the logical routes
of ascent; unfortunately, scientific details are scarce in these works.

TABLE 1.—Nine named glaciers of Citlaltépetl
[Taken from Lorenzo, 1964, sketch IIL. Leaders (~), not known]

Glacier number Glacier name Glacier type (squareAkrifc?m eters)

Gran Glaciar Norte Ice cap, firn field 9.08
Lengua del Chichimeco Outlet -
Glaciar de Jamapa Outlet -
Glaciar del Toro Outlet -
Glaciar de la Barba Outlet

Glaciar Noroccidental Outlet -
Glaciar Occidental Outlet -
Glaciar Suroccidental Outlet -
Glaciar Oriental Mountain (niche) 42

Total 9.50
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climatic situation, by Jaeger (1925, 1926) and Prister (1927). Robles Ramos
(1944) conducted hydrologic and meteorologic studies in 1942 on the west
side and related glacier melting to streamflow. De Terra (1947), De Terra and
others (1949), White (1962, 1981a), and Vazquez-Selem and Phillips (1998),
discussed the glaciers in relation to former glaciations.

According to Vazquez-Selem and Phillips (1998), the glacial deposits on
Iztaccihuatl volcano provide the “most complete record of [past] glaciation of
central México.” Their glacial chronology is based on dating moraines with
the *°Cl cosmogenic isotope and tephra from Popocatépetl. The Nexcoa-
lango moraines at 3,100 m described by White (1962) are dated at between
151 and 126 Ka [marine isotope stage (MIS) 6]; the Hueyatlaco Moraines of
White (1962), associated with the last global glacier maximum (LGGM), are
dated at 20 to 14 Ka. A major deglaciation of Iztaccihuatl started at
14-13 Ka; Little Ice Age (I.IA) moraines are located at 4,300 to 4,700 m.

The elevations of 3 glacier termini in 1953 and 1955 appeared in White
(1956), and the elevations of all 12 glaciers in 1959-60, in Lorenzo (1964).
The best account by far of Iztaccihuatl glaciers is that by Lorenzo and his
colleagues.

A temperate-rainy climate with no conspicuous dry season encircles the
lower slopes of the Sierra Nevada and the upper flanks of Iztaccihuatl to
about 4,000 m. Although rain falls every month, summer is the wettest and
winter is the driest time of year. Snow falls as low as 4,000 m from Novem-
ber through January. Above 4,000 m are tundra and ice-cap climates. Snow
accumulates on all slopes above 4,500 m not only in winter but also from
June through middle-August. The volume of precipitation apparently
decreases markedly above 4,000 m, but no record of rainfall and snowfall is
known for the upper mountain slopes. The 5.8-km-long north-south axis of
Iztaccihuatl plus the location, orientation, and elevation of the highest
peaks affect local wind directions during snowfall and provide protection
from insolation. On the basis of all these factors, accumulation areas of firn
develop above 5,000 m and serve as the source area for 8 of the 12 glaciers.
Vazquez Selem (1989), however, in his study of periglacial features, discov-
ered ice cores covered with detritus in the rock glaciers at about 4,400 m on
the north side of the peak of Volcan Teyotl (fig. 6), a lower, much-eroded
volcano north of Iztaccithuatl. Small firn fields and ice glaciers existed there
during the most recent neoglaciation, but they are now melted.

Most Iztaccihuatl glaciers originate above the 5,000-m elevation in sim-
ple basins and become short, cascading mountain glaciers. Two on the west
side, Glaciar de Ayolotepito and Glaciar de Ayoloco (fig. 6), are thickest in
cirquelike valley heads. They are neoglacial remnants and have huge early
neoglacial moraines and four small inner moraines in front of the ice
(White, 1956), probably all built within the last 3,000 years. Three glaciers
start from a high transection firn field that has flow both to the east and
west (Glacier del Cuello, Glaciar de Ayolotepito, and Glaciar Norte), and
two start from El Pecho (Glaciar del Crater and Glaciar Oestenoroeste).
Glaciar del Crater on El Pecho occupies a now-dormant crater, although it
was active as recently as post-early neoglaciation, possibly between 3,000
and 2,500 years ago. Because the early neoglacial moraines are covered
with volcanic scoria from the now-dormant crater, scoria that has been ver-
ifled petrographically, this suggests that the volcano should be considered
to be dormant rather than extinct. The descriptions and measurements of
[ztaccihuatl glaciers that follow are from Lorenzo (1964), plus information
added from White (1956) and White’s unpublished fieldwork.

Glaciar de la Cabeza is a thin lens of ice of 14,400 m” on the northwest
summit of La Cabeza and extends only 200 m northwest from about 5,145
m to slightly lower than 5,000 m (figs. 5 and 6; Lorenzo, 1964, fig. 48). It
stops above cliffs, but during neoglaciation, it regenerated at the cliff bot-
tom and built moraines north of La Cabeza.
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Glacier del Cuello flows east from the transection firn field occupying the
“neck” (Cuello). Beginning at 4,990 m, it extends 550 m to 4,760 m on a gradi-
ent of 420 m km * (Lorenzo, 1964, fig. 49), covers about 50,000 m®, and
enters a valley on the northeast side of Iztaccthuatl. Glaciar de Ayolotepito
originates from the same firn field, also at 4,990 m, and, in part, from a firn
field on the north side of El Pecho at 5,250 m (figs. 5 and 6). It turns to the
west 900 m from the summit area down into the cirquelike Ayolotepito valley
head, where it has a gradient of 520 m km™. In 1959-60 it terminated at
4,760 m (Lorenzo, 1964, figs. 40 and 50) and occupied 212,500 m2, but in
1953, it ended at about 4,670 m (White, 1956). Thus, it had retreated 90 m in
elevation and about 125 m in distance in the 6 to 7 years, or about 19 m a™. If
the accuracy of a barometer used by Bose and Ordériez (1901) in November
1898 is reliable, then the terminus of Glaciar de Ayolotepito at 4,610 m had
receded only 150 m in elevation or about 460 m distance in the 61 to 62 years
since they visited the mountain. This is a rate of retreat of about 7 m a’l,
much slower than the retreat between 1953 and 1959-60. The third glacier
developed from the Cuello firn field and north side of El Pecho is Glaciar
Norte. It is a small hanging glacier totaling 46,200 m® that flows northeast
from El Pecho at 5,250 m, down to cliff tops at 5,050 m, where it is inter-
rupted. It regenerates below the cliffs at 5,010 m and, as a broad tongue, runs
down to 4,910 m (Lorenzo, 1964, figs. 43, 51, 562).

Glaciar del Crater starts on El Pecho at 5,286 m and cascades as a cliff
glacier northeast, breaking into chaotic icefalls on a gradient of 755 m km™
to 4,965 m, where it bifurcates into two lobes (Lorenzo, 1964, figs. 52
and 53). The longer northeast tongue continues to 4,890 m, where it is
interrupted by cliffs and regenerates below in isolated masses extending to
4,750 m and 4,770 m. The shorter east tongue of accumulated ice blocks
and great seracs ends above cliffs at 4,910 m. The whole Glaciar del Crater
covers about 179,500 m®. On the northwest side of El Pecho, another cliff
glacier, Glaciar Oestenoroeste (fig. 6), also descends from the mountain-
top at 5,286 m to 5,010 m on a gradient of 835 m km™* and covers about
50,000 m® (Lorenzo, 1964, fig. 54). The subdivision of this glacier system
north of El Pecho, including the Cuello firn field and up to the top of El
Pecho, is based on ice-surface topography and not on direction of ice
movement. Southeast of El Pecho and separate from any other ice body is
a small 400-m-long firn field of 25,000 m® sloping east from 5,060 m to
4,830 m, named Glaciar Nororiental (Lorenzo, 1964, fig 55).

A second high-transection firn field that produces a glacier system lies
0.5 to 1 km south of El Pecho above 5,000 m in the stomach area of Iztac-
cthuatl (fig. 5). Glaciar Centro Oriental, which flows to the east, has as
its source about 45,000 m? of firn on the ridge southeast of El Pecho. It
drops from 5,190 m to 4,850 m, with a gradient of 550 m k! and is about 0.5
km wide and long. Its terminus divides into three Iobes; the longest and low-
est lobe ends at 4,715 m. The whole glacier covers about 245,000 m?
(Lorenzo, 1964, fig. 56).

On the west side of the same ridge, and including about 50,000 m’ of
firn as its source, is the largest and best known glacier in México, Glaciar
de Ayoloco, occupying in 1959-60 about 247,000 m® In almost all early
reports of glacier ice on Iztaccihuatl, it was Glaciar de Ayoloco that was
observed (fig. 6). In 1959-60 it was approximately 0.5 km wide at its head
between two high rock buttresses, Pevia Ordoriez and Pevia Aguilera,
and had seracs, crevasses about 50 mi deep, and an irregular bumpy sur-
face (Lorenzo, 1964, fig. 57). Glaciar de Ayoloco descends a distance of 625
m from 5,190 m to 4,725 m on a gradient of 745 m km™'. In 1955, the glacier
ended at 4,668 m (White, 1956, table 1) and thus, to reach Lorenzo’s
1959-60 position, had retreated 57 m in elevation and about 100 m in dis-
tance in the intervening 4 to 5 years, an average rate of about 22 m al.
However, comparison of the position of Glaciar de Ayoloco in a photograph
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set of en echelon crevasses between Glaciar del Ventorrillo and Glaciar
Noroccidental appears in Lorenzo’s figure 31 that he prepared in 1958
(Lorenzo, 1964). By November 1968, three partially snow-filled crevasses
on the north crater rim and one several hundred meters lower down had
formed above the head of Glaciar del Ventorrillo. As a result of this crevasse
study, no doubt exists as to the activity of the firn field and the importance
of that gradient of 640 m km™ on the northwest side of the cone.

The most significant change that took place in the 10 years between
1958 and 1968 was the growth of a thick bulge of ice down into Barranca
del Ventorrillo in the same location as the small ice tongue of 1949-58.
From the 1968 photos, its lower limit is estimated at about 4,700 m and its
thickness at about 30 to 40 m. By March 1978, this large bulge of ice
became a broad, lobed glacier (fig. 9), probably 70 to 100 m thick, extend-
ing from the former position of Glaciar Norte to a double-lobed glacier in
Barranca del Ventorrillo at an estimated elevation of 4,600 m. Stratifica-
tion, possibly annual, of the lobes of ice reveals at least 10 layers. In the 10
years following 1968, strong drawdown by this double-lobed glacier pro-
duced four or five deep, wide crevasses just above its head and a chaotic
icefall of seracs on the cone. In August 1979, the sides of this double-lobed
glacier appeared as 50-m-high vertical cliffs, except where the lowest lobe
at 4,600 m projected as a steep ramp into Barranca del Ventorrillo. A few
tens of meters below the crater rim, a new, long crevasse also cut across the
cone. In 1984, French volcanologists recorded the continuing existence of
this same double-lobed glacier and its vertical cliffs (Christian Boudal, let-
ter dated 24 September 1984).

Glaciar del Ventorrillo has continued to retreat because of heating, sulfur
dioxide gas flux, spasmodic fumarolic activity of the volcano, and tephra
falls from the main crater. The area of glaciers on the north flanks already
had diminished by 24 percent from 1958 to 1982 (Delgado and Brugman,
1995; Palacios, 1996; Smithsonian Institution, 1994, 1995, 1996, 1997).
Estimations of the elevation of the glacier front made by Hugo Delgado are
in Palacios (1996, table 1): in 1989 at 4,680 m, in 1992 at 4,694 m, and in
1993 at 4,702 m. Palacios (1996), on the basis of his field measurements,
found the glacier front in February 1994 at 4,713 m and in November 1995
at 4,735 m, as is clearly shown on his map. Delgado and Brugman (1995)
measured it in April 1995 at 4,879 m. Their rate of recession between 1982
and 1995 was 7.6 m a”'. Palacios and Marcos (1998) noted that Pépocaté-
petl’s glaciers had undergone significant retreat during the 1980’s and early
1990’s, a process that accelerated between 1994 and 1995.

In 1993, Popocatépetl awakened from a long period of quiescence. Since
1345, it has had 30 observed eruptions. In the 20th century, it has been
active in 1920-1922, 1923-1924, 1933, 1942-1943, and 1947 (Smithsonian
Institution, 1997, no. 10).

On 5 March 1996, tephra dropped over the north flank and covered the
snow and glaciers there; this occurred also on 30 April and again on 28-29
October 1996 (Smithsonian Institution, 1996, no. 4, 10; 1997, no. 3).

In 1997, on 20 March and 24 and 29 April, tephra was blown to 4 km above
the summit and fell on the glaciers on the north slopes; one of the most violent
eruptions in the past three years threw tephra all over the volcano as well as
far to the east on 11 May (Smithsonian Institution, 1997, no. 4). The amount of
glacier recession and ice melted by hot tephra after such events is unknown.
On June 1997, the largest tephra emission of the 1994-97 eruption occurred;
several large tephra emissions had also taken place earlier during May and
June.

Between June 1997 and June 1999, Popocatépetl experienced an
increase in seismic activity and intermittent periods of explosive and occa-
sional effusive volcanic activity from it steep-walled, 250 m-deep summit
crater (Smithsonian Institution, 1998, nos. 1, 2, 5, 6, 8, 10, 12; 1999, nos. 1,
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3, 4, 6). The Centro Nacional de Prevencién de Desastres (CENAPRED),
Universidad Nacional Autonoma de México (UNAM), sends periodic
reports to the Smithsonian Institution that are published in the monthly
bulletin of the Global Volcanism Network. Up-to-date information from
CENAPRED about Popocatépet] volcanic activity can be obtained from
their Web site [http://www.cenapred.unam.mx/] under the heading: Bole-
tines and Boletin del Volcan Popocatépetl. The largest explosive event dur-
ing this period occurred on 20 June 1997, when a 13-km-high column of
tephra arose from the summit crater. This eruption had no observable
effect on Popocatépetl’s glaciers (Smithsonian Institution, 1997, no. 10).
However, a closer inspection in January 1998 (Sheridan and others, 2001)
revealed that “...the glaciers showed noticeable ablation and lacked mar-
ginal ice cliffs that had been observed in 1995.” Sheridan and others (2001)
also referenced floods that originated from the terminus of Glaciar Vento-
rillo on 1 July 1997, that must have resulted from melting of glacier ice. In
late February and early March 1999, the glaciers were observed to be par-
tially blanketed with tephra; impacts from the December 1998 activity were
visible, and runoff from melting ice and snow was evident (Smithsonian
Institution, 1999, no. 3). On 15 May 1999, the increase in activity was
accompanied by runoff of meltwater (Smithsonian Institution, 1999, no. 5).
Low-level activity continued during July into the first part of October 1999,
including occasional low-magnitude microseismic and/or tectonic events
and tephra plumes and falls on 1, 5, and 29 September, and a 4-km high
tephra column on 3 October 1999 (Smithsonian Institution, 1999, no. 9).
On 25 February 2000, a small block-lava dome was observed to be growing
in the center of the summit crater (Smithsonian Institution, 2000, no. 1). In
summer 2000, two small mudflows were noted on 23 and 24 June 2000, and
tephra plumes and falls took place on 3, 4, and 14 July 2000, and on 4 and
10 August 2000. The 4 August 2000 explosive event was the largest, pro-
ducing a 5-km high tephra column and tephra falls on several nearby towns
(Smithsonian, 2000, no. 7). Additional explosive events were reported in
October 2000 (Smithsonian, 2000, no. 10). In December 2000 and January
2001, additional tephra columns were reported; on 29 January 2001, flows
of pyroclastics caused some melting of glacier ice (Smithsonian, 2000, no.
12). The long-term impact by the volcanic activity on the mass-balance of
Popocatépetl’s glaciers must await the cessation of its currently active
phase. Research by Sheridan and others (2001) stated that the glacier ice
on Popocatépetl covered an area of 0.559 km? in April 1995: radio-echo-
sounding surveys showed a volume of 2.8 x 10° m?® of glacier ice. They pos-
tulated that about one-third of the volume (~1 x 107 m3) was available for
melting, primarily by ablation from pyroclastic flows. Lorenzo (1964) calcu-
lated an area of 0.720 km? (Table 3), so the loss of area is 0.161 km? or
about 22 percent.

Figure 7 is an enlargement of a Landsat 1 MSS false-color composite
image of Popocatépetl and vicinity on 7 February 1973. The three named
glaciers can be delineated on the northwest slope of the volcano, although
they are just barely within the spatial resolution of the MSS image. Snow
can also be seen in the 0.8-km-wide summit crater.
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