





GLACIERS OF IRIAN JAYA, INDONESIA,
AND NEW ZEALAND—

H-1. GLACIERS OF IRIAN JAYA, INDONESIA
By IAN ALLISON and JAMES A. PETERSON

H-2. GLACIERS OF NEW ZEALAND
By TREVOR J.H. CHINN

SATELLITE IMAGE ATLAS OF GLACIERS OF THE WORLD

Edited by RICHARD S. WILLIAMS, Jr., and JANE G. FERRIGNO

U. S. GEOLOGICAL SURVEY PROFESSIONAL PAPER 1386-H

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON: 1989



U.S. DEPARTMENT OF THE INTERIOR
BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY

Gordon P. Eaton, Director

Reprinted 1995

Any use of trade, product, or firm names in this publication is for
descriptive purposes only and does not imply endorsement by the
U.S. Government

Library of Congress Cataloging in Publication Data
(Revised for vol. 2)

Satellite image atlas of glaciers of the world.

(U.8S. Geological Survey professional paper ; 1386)

Two fold. col. maps in pocket in v. B.

Includes bibliographical references.

Supt. of Docs. no.: I 19.16:1386-H

Contents: —ch. B. Antarctica / by Charles Swithinbank ; with sections on The “dry valleys” of Victoria Land, by Trevor J.H.
Chinn, [and] Landsat images of Antarctica, by Richard S. Williams, Jr., and Jane G. Ferrigno—ch. H, 1. Glaciers of Irian
Jaya, Indonesia / by Ian Allison and James A. Peterson—ch. H, 2. Glaciers of New Zealand / by Trevor J.H. Chinn

GB2401.72.R42828 1988 551.3'12 87-600497

For sale by the U.S. Geological Survey, Information Services
Box 25286, Federal Center, Denver, CO 80225



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 inaugurated a new era in satisfying mankind’s desire to better
understand the dynamic world upon which we live. Space-based observa-
tions have now become an essential means for monitoring global change.

The short- or long-term cumulative effects of processes that cause
significant changes on the Earth’s surface can be documented and
studied by repetitive Landsat images. Such images provide a permanent
historical record of the surface of our planet; they also make possible
comparative two-dimensional measurements of change over time. This
Professional Paper demonstrates the importance of the application of
Landsat images to global studies by using them to determine the current
distribution of glaciers on our 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 image record of the 1970’s.

Although many geological processes take centuries or even millenia to
produce obvious changes on the Earth’s surface, other geological
phenomena, 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 can pro-
duce dramatic effects on the global climate. Natural or culturally in-
duced processes can cause global climatic cooling or warming. Glaciers
respond to such warming or cooling periods by decreasing or increasing
in size, thereby causing sea level to rise or fall.

As our understanding of the interrelationship of global processes im-
proves 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 more wisely manage the use of our finite
land and water resources. This Professional Paper is an excellent exam-
ple of the way in which we can use technology to provide needed earth-
science information about our planet. The international collaboration
represented by this report is also an excellent model for the kind of
cooperation that scientists will increasingly find necessary in the future
in order to solve important earth-science problems on a global basis.

Dallas L. Peck
Director,
U.S. Geological Survey
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Preface

This chapter is 1 in a series of 11 that comprise U.S. Geological
Survey Professional Paper 1386, Satellite Image Atlas of Glaciers of the
World, which is directed at the use of remotely sensed images, primarily
from the Landsat 1, 2, and 3 series of spacecraft, to document, monitor,
and study the glacierized regions of our planet. Although Landsat 1, 2,
and 3 multispectral scanner (MSS) and Landsat 3 return beam vidicon
(RBYV) images are especially well suited to studying changes in the Ant-
arctic ice sheet (Chapter B), the Greenland ice sheet (Chapter C), and ice
caps and (or) ice fields in Iceland (Chapter D), Europe (Chapter E), Asia
(Chapter F), South America (Chapter I), and North America (Chapter J),
the images can also be used, in conjunction with maps, aerial
photographs, and field measurements, to study and monitor changes in
smaller glaciers on high mountains at lower latitudes, if the glaciers
reach a size of a few kilometers (length or diameter).

In Irian Jaya, Indonesia, three small perennial ice fields are located on
Puncak Jaya massif, Puncak Mandala, and Ngga Pilimsit in the Central
Range. The largest ice field, on Puncak Jaya massif, has an area of ap-
proximately 7 km2. All three ice fields have experienced rapid retreat
during the 20th century, a situation that has been documented at other
equatorial glaciers in Africa (Chapter G) and South America (Chapter I).
Landsat images were combined with field observations to locate,
delineate, and monitor changes in the ice field.

In New Zealand, approximately 3,155 glaciers occur along the crest of
the Southern Alps, South Island, and 6 glaciers are present on Mount
Ruapehu, North Island. The total area covered is about 1,159 km?, with
an estimated volume of 53.3 km®. In 1859, the first observations were
made of New Zealand’s glaciers; in 1889, the first precise measurements
were carried out, although modern glaciological studies were not begun
until the 1950’s. Because of limitations in spatial resolution of the sensors,
Landsat images were found to be useful only for monitoring changes in
the largest glaciers and in the position of the transient snowline.

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 eleven chapters designated by the let-
ters A through K. Chapter A is a general chapter containing introduc-
tory material and a discussion of the physical characteristics, classifica-
tion, and global distribution of glaciers. The next nine chapters, B
through J, are arranged geographically and present glaciological infor-
mation from Landsat and other sources of data on each of the
geographic areas. Chapter B covers Antarctica; Chapter C, Greenland,;
Chapter D, Iceland; Chapter E, Continental Europe (except for the
European part of the Soviet Union), including the Alps, the Pyrenees,
Norway, Sweden, Svalbard (Norway), and Jan Mayen (Norway);
Chapter F, Asia, including the European part of the Soviet Union, China
(P.R.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. The final
chapter, K, is a topically oriented chapter that presents related
glaciological topics.

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 Profes-
sional 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 occurrence of glacier ice on our planet within the
boundaries of the spacecraft’s coverage (between about 81° north and
south latitudes). Through identification and analysis of optimum Land-
sat images of the glacierized areas of the Earth during the first decade of
the Landsat era, a global benchmark could be established for determin-
ing the areal extent of glaciers during a relatively narrow time interval
(1972 to 1982). This global “snapshot” of glacier extent could then be
used for comparative analysis with previously published maps and aerial
photographs and with new maps, satellite images, and aerial pho-
tographs to determine the areal fluctuation 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, South Dakota,
although some images were also obtained from the Landsat image ar-
chives maintained 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 scien-
tists who agreed to author a section of the Professional Paper concern-
ing either a geographic area or a glaciological 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 infor-
mation (for example, from published maps, reports, photographs, etc.)
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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Along the northern edge of the eastern section of the Northwall Firn,
the ice boundary is conterminous with the tops of high cliffs, and mass-
balance changes do not lead to changes in the shape of the ice margin.
Here the satellite-derived ice margin is very similar in shape and position
to the margin as plotted photogrammetrically from the 1942 air photo-
graphs. The excellent agreement at these points is an indication of the
accuracy and resolution obtainable from the Landsat image. The far
western end of the Northwall Firn, however, does not correlate well on
the two plots, although the positions are similar. This is thought to be
due to errors in the CGE map, because this ice margin was determined
only from oblique aerial photographs. Similarly, there are discrepancies
along the eastern ice border, also limited by precipitous cliffs, and the
least accurate region of the CGE map.

On both MSS bands 6 and 7, the ablation zone appears considerably
darker on the Meren Glacier than on the other ice fields. The Meren
snout supports a heavy population of cryoalgae (Kol and Peterson, 1976)
and is riddled with englacial lakes (Peterson, 1976). These features lower
the surface reflectivity, and an apparent snowline is evident on the
Meren at elevations of between 4,550 and 4,650 m. This compares with
the equilibrium-line elevation determined in 1972 as 4,580 m. There is
some indication of a snowline, although not as obvious, in other areas
where the cryoalgae are not as concentrated.

There is also some evidence of continued glacier retreat, from the
satellite observations. The terminus of the Meren Glacier appears to
have retreated about 200 m, and the large central part of the Northwall
Firn appears to have separated further into two independent firn fields,
or at least into two sections joined by a thin band of snow-free ice. The
retreat of the Meren Glacier is confirmed by a single ground observation
made in December 1974, 8 months after the satellite image was ob-
tained, which showed a retreat of 185 m since 1972 (R. Mitton, pers.
commun.) but a slightly different terminus shape than that derived from
the Landsat image (fig. 8).

The 1981 vertical aerial photography obtained during the combined In-
donesian and Australian mapping, although taken after a fresh snowfall,
also suggests that the central Northwall Firn had separated into two
parts after 1972, and this separation is clearly seen in a recent, but un-
dated, oblique aerial photograph (Dick and Fenwick, 1984).

As a more objective check on the ice edge, an MSS band 7, 1:1,000,000-
scale positive transparency was scanned with a microdensitometer to
produce the gray-scale contours shown in figure 11. The microdensi-
tometer aperture was set to scan an area equivalent to 80 m by about
200 m on the ground (or about 1 by 2.5 times the size of Landsat picture
elements (pixels)), and scans were made every 0.2 mm on the image
(200 m on the ground) along the direction of the glacial valleys. The den-
sity contours plotted in figure 11 have been condensed from the 15 Land-
sat photographic gray-scale levels (1 = white, 15 = black).

The snow-covered areas are clearly delineated by Landsat gray-scale
levels of 6 and less, but the interpretation of areas showing a level of 6 to
9 is more ambiguous. The image was made with a solar elevation angle
of 50° and an azimuth of 62°. Steep, unvegetated limestone slopes fac-
ing the Sun, for example the eastern and northern walls and the north
face of the Puncak Jaya massif, show a gray-scale level of 6 to 8. These
slopes may also have a scattered snow cover (compare fig. 4). Elsewhere,
for example on the ablation zone of the Meren Glacier and possibly in
other areas near southern or western ice edges, gray-scale levels of 6 to
9 indicate bare ice. The unvegetated limestone, not directly sunlit, shows
a level of 9 to 11, and lakes, or heavily shaded areas, a level of 11 to 12.
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Because the Southwall Hanging Glaciers are less than 100 m wide, they
do not show in the contours made from a scanning interval of 200 m, but
they can be seen on the optically enlarged image.

The December 1974 ice boundary shown in figure 11 has been plotted
from a combination of the density contours and the optical enlargement
and is compared with the 1972 CGE ice boundary. The inset map of the
Ngga Pilimsit ice cap, the first produced for that area, has been derived
from the density contours of the MSS band 6 image. Table 2 shows the
1974 ice areas compared with 1972 areas, after the latter have been cor-
rected for map errors revealed by the satellite data. Continued retreat of
the ice fields between 1972 and 1974 is apparent.

TABLE 2.— Ice areas (in square kilometers) in the Puncak Jaya region

[Areas in parentheses include possible snow-free ice areas on the Northwall Firn]

February 1972 April 1974
Northwall Firn 3.6 2.8 (3.0)
Meren Glacier 2.2 2.1
Carstensz Glacier (including
Wollaston and Van de
Water Glaciers) ——___________ 1.4 14
Southwall Hanging Glaciers —____ 1 1
Total 7.3 6.4 (6.6)
Ngga Pilimsiticecap - ____ — 2

Puncak Mandala

Location and observation of the small Mandala ice field on Landsat im-
agery is not as simple as for the much larger Puncak Jaya glaciers or for
the Ngga Pilimsit ice cap, which can be located relative to the Puncak
Jaya glaciers. We have been able to use first-hand knowledge of the ter-
rain features in the Puncak Jaya area when interpreting the Landsat im-
ages; we do not have such knowledge of Puncak Mandala.

Neither maps, such as the 1:1,000,000-scale U.S. Defense Mapping
Agency Operational Navigation Chart, ONC M-13, nor the latitude and
longitude gridding on the primary Landsat image products is accurate
enough to locate Puncak Mandala by absolute geographical position. We
can, however, locate the region relative to the extensive drainage net of
the Sungai Pulau (Einlanden River), which shows similar features on the
images and map (although separated by about 11 km in absolute position
near Puncak Mandala). This drainage net, on the southern slopes of the
New Guinea cordillera, shows up most clearly in images obtained during
February, March, and April, when the rivers are swollen following the
southwest monsoons.

Identification of the ice field is further complicated by light-colored
limestone (especially where recently deglaciated), short-lived snowfalls,
and even the smallest convective or orographic clouds, which are com-
mon and are often as large as or larger than the ice cap. The Puncak
Mandala ice cap can, however, be identified on Landsat images of 19
August 1981, 21 March 1983, and 3 January 1984 (although there is also
new snow in the last scene) (table 1). While the imagery confirms the
continued existence of this very small ice cap, we do not believe that the
imagery can be used either to map or to record changes in the ice field
without ground-observation data for the region.
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Changes in the Puncak Jaya Glaciers,
1974 to 1983

The recent images obtained by the Australian Landsat Station (table
1) allow continued monitoring of fluctuations of the Puncak Jaya
glaciers. Examination of the images for 8 September 1982 and 19 March
1983 shows no significant change in extent of the ice fields since 1974,
meaning that no change in ice edge of greater than 100 m has occurred.
Separation of the Northwall Firn into four independent firn fields is con-
firmed by these images, but even the smallest, western portion of the
Northwall Firn and the Southwall Hanging Glaciers are largely un-
changed since 1974. The low albedo of the ablation zone of the Meren
Glacier makes it difficult to distinguish the ice from recently deglaciated
limestone in front of the glacier.

Allison and Kruss (1977) used a numerical model of glacier dynamics
to simulate the extensive retreat of the Meren and Carstensz Glaciers
observed between 1936 and 1972. They attributed that retreat to a rise
in air temperature of about 0.6 °C per century since around 1850. The
decrease in glacier-retreat rate between 1974 and 1983 does not, how-
ever, suggest a reversal or cessation of this warming: the model results
predicted that, despite continued warming at the above rate, the glacier-
retreat rates would decrease after about 1975.

While not in immediate danger of disappearing altogether, it would
appear that the Meren and Carstensz Glaciers, the only true valley
glaciers in New Guinea, are becoming relatively simple firn fields or ice
caps and are becoming less sensitive to climatic variations.

Conclusion

Landsat MSS images offer the possibility of monitoring glaciers as
small as those on the Puncak Jaya massif and of identifying the even
smaller ice masses of Ngga Pilimsit and Puncak Mandala.

The Landsat imagery can be used to monitor glacier retreat (or ad-
vance), to correct errors in existing maps, and possibly to give a gross in-
dication of the mass balance from the snowline elevation, which, in this
region, varies little seasonally. We must stress, however, that proper in-
terpretation of the images requires knowledge of the terrain from
ground studies. Although obviously lacking the resolution of aerial
photographs, the Landsat images offer greater frequency of coverage,
consistency of data, and, for these equatorial regions, uniformity of il-
lumination (Sun angle). Provided proper and adequate ground truth is
available, even more detailed information could be obtained from
analysis of the Landsat digital data or by the use of the higher resolution
Landsat thematic mapper data.
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GLACIERS OF NEW ZEALAND

By TREVOR J.H. CHINN!

Abstract

Glaciers occur on the North Island on Mount Ruapehu and on the South Island along the
crest of the Southern Alps from the Spenser Mountains in the north to southern Fiordland
in the south. New Zealand has a humid maritime climate. The prevailing westerly winds
bring 3,000 mm of annual precipitation to the western coastal plains, 15,000 mm to just west
of the main divide, and 1,000 mm to the eastern ranges. Easterly and southerly winds are
important sources of snow east of the main divide. A comprehensive glacier inventory
that has just been completed indicates that the total number of glaciers exceeding 0.01 km?®
in area in the Southern Alps is about 3,155, with an estimated volume of 53.3 km® and an
area of 1,159 km? There are six glaciers on Mount Ruapehu. The first published
descriptions of New Zealand glaciers occurred in 1859. Early visitors made observations on
positions of termini and rates of movement of the glaciers, and, in 1889, the first precise
measurements were carried out. Modern studies began in the 1950's and included studies of
flow, fluctuation, and mass and water balance on individual glaciers. The mapping of
glaciers began with sketches of Franz Josef Glacier in 1865. The first maps were produced
in the 1890’s. Topographic mapping of the entire country at a scale of 1:63,360 with 100-ft
contours was begun in 1958 and completed in the 1970’s. Currently the Department of
Survey and Land Information is preparing a new series at a scale of 1:50,000 with a 25-m
contour interval. Aerial photographs of all glacierized areas are available; Landsat images
cover all the areas, but not all the images are useful for glacial observations because of cloud
cover or seasonally incorrect acquisition dates. Landsat images are more appropriate for
studies of the larger glaciers, because the spatial resolution of the image is inadequate for
glaciers smaller than about 1.0 km®. However, Landsat imagery is useful in many cases in
New Zealand for determining the rate and direction of glacier flow, changes in glacier
snowline and margins, and past glacier extent on the basis of morainal sequences.

Introduction

New Zealand comprises three main islands situated between 34° S.
and 47° 8. latitude. North Island has extensive areas of low mountain
and hill country of Mesozoic and Tertiary sediments and a number of
prominent voleanic cones. The mountains barely reach above the present
vegetation limit, and the scant evidence available suggests that glaciers
possibly did occur on the highest of these ranges during the Pleistocene.
Three of the highest of the volcanic cones reach close to the permanent
snowline, but only Mount Ruapehu, whose summit is at 2,752 m, sup-
ports snowfields, which form six glaciers.

! New Zealand Geological Survey, University of Canterbury, Private Bag, Christchurch, New
Zealand.
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South Island is more mountainous than North Island, and the boun-
dary between the Pacific and Indian plates cuts diagonally through the
island from southwest to northeast as the New Zealand Alpine fault.
Toward the northeast, the single fault splinters into a number of faults.
Vertical and dextral strike-slip movements continue and have rapidly
uplifted the young, steep mountains east of the fault line, with lesser
uplift to the west and north of the fault line. Rock types may be roughly
divided into three simple categories: crystalline plutonic rocks of Fiord-
land in the southwest; schist in the central south, which wedges out
northward adjacent to the fault; and sandstone to the east and north of
the schist.

Average peak summits range from 1,850 m in Fiordland to 3,000 m in
the central Southern Alps (Mount Cook, the highest, reaches 3,764 m)
and descend to 2,000 m in the north-central Southern Alps. To the north-
east young blocks of the Kaikoura Ranges reach to over 2,700 m, but be-
cause they receive little precipitation these peaks do not support glaciers
(fig. 1). Stewart Island presently supports no glaciers, although small
glaciers were present during the Pleistocene.

New Zealand has a humid maritime climate, with the Southern Alps
lying across the path of the prevailing westerly winds. This situation
creates steep, eastward precipitation gradients and a strong fohn effect.
Mean annual precipitation rises rapidly from 3,000 mm along the narrow
western coastal plains to a maximum of 15,000 mm or more in the
western part of the Southern Alps a few kilometers west of the main
divide. From this maximum, precipitation diminishes approximately ex-
ponentially to about 1,000 mm in the eastern ranges (Griffiths and
McSaveney, 1983; Chinn, 1979). Although westerly winds prevail,
easterly and, more especially, southerly winds are important sources of
snow to the east of the main divide. Precipitation is evenly distributed
throughout the year.

Occurrence of Glaciers

Glaciers of the Southern Alps occur either in groups or singly from
southern Fiordland in the south to the Spenser Mountains in the north
(fig. 1). Several active rock glaciers occur on the inland Kaikoura
Ranges. North of the Arthur’s Pass area there are only a few small
glaciers and permanent snow patches.

The glaciers of the Southern Alps may be divided into four glacial
regions containing groups of the larger glaciers (fig. 1). To the north, the
Mount Whitcombe region includes the large Ramsay and Lyell Glaciers,
together with the ice plateau of the Bracken Snowfield, and extends
south to include the dual snowfields of the Garden of Eden and the
Garden of Allah (fig. 2). The Mount Cook region contains the largest
glaciers of the Southern Alps. These include the Godley, Classen, Mur-
chison, Tasman, Hooker, and Mueller Glaciers east of the main divide,
and the Franz Josef and Fox Glaciers (Sara, 1968) to the west. Farther
south, the Mount Aspiring region has some extensive névé-sheathed
slopes surrounding Mount Aspiring and two main glaciers, the Bonar
and Volta. The Olivine Ice Plateau and adjacent valley glaciers south of
Mount Aspiring are included in this region. The Mount Tutoko region,
the southernmost region, encompasses the north Fiordland and central
Fiordland glaciers.
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maps and plans of the Mount Cook and Godley Valley glaciers from 1889
until after the completion of his fieldwork in 1906.

In 1893, a topographic map of the “central portion of the Southern
Alps” was published by the Royal Geographical Society, London. This
map, showing the four large eastern glaciers and the two large western
glaciers, was probably the first to show the relative positions of glaciers
on both sides of the Alps. For the remainder of the Southern Alps, from
the late 1890’s, a series of survey district maps was produced to which
details were added as exploration (mainly for pasture land) proceeded.

In Westland, before the turn of the century, there were practically no
maps of the mountain areas apart from the sketches and maps of
Douglas and Harper. The first reasonably reliable regional maps were
base maps constructed in the early 1900’s by the New Zealand Geological
Survey as part of their geological surveys. These maps are rich in detail
and show all glaciers observed, although the accuracy varied with the
surveyor’s proximity to the features mapped.

In 1911, a detailed map of the Franz Josef and Fox Glaciers was
published by the Canterbury Progress League. This map, together with
the 1893 map, was reprinted (unaltered) in 1976 in the New Zealand
Alpine Journal with facsimile editions of early journal volumes.

Present Maps

No topographic maps of the glaciers were available until the Depart-
ment of Lands and Survey commenced publishing a 1-inch-to-1-mile
topographic maps series (New Zealand Mapping Series 1 at a scale of
1:63,360). Publication of the first sheets began in about 1958. Until this
time, uncontoured 4-mile maps of the New Zealand Territorial Series
(NZMS 10) at a scale of 1:253,440 and Survey District and County Series
Cadastral Maps at 1:63,360 were the best available, By the mid 1970’s,
effectively the whole of New Zealand had been mapped in the
1:63,360-scale topographic series with a 100-ft contour interval. How-
ever, the glaciers depicted on some of these maps may not have accurate
outlines in their upper areas. The maps were prepared from vertical
aerial photographs on which the position of the névé boundary depends
on the amount of snow, which in turn is dependent on the time of year
that the photography was acquired. Most of the aerial photographic
survey flight runs were not made at the correct time of year (optimum
time is prior to the end-of-summer seasonal snow-cover minimum). As a
result, these maps show variable amounts of snow cover. Thus, the
earlier in the summer the photography, the greater the error in plotted
glacier size. Attempts have been made to reduce this error, for example,
on the Mount Cook Sheet (S. 79), where permanent snow boundaries
have been based on data from local observations, rather than those
shown on the aerial photographs. Currently, the Department of Survey
and Land Information is preparing a series of maps at 1:50,000 scale and
with a 25-m contour interval. This remapping program is a large under-
taking, and it will be more than a decade before the new series is com-
pleted for the whole country. Data from the New Zealand glacier inven-
tory are being used extensively in remapping the glacierized areas.
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Imaging of Glaciers

Aerial Photography

The first known sequences of vertical aerial photographs in New
Zealand were taken around 1937 and 1938 by New Zealand Aerial Map-
ping, Ltd., but these were mainly of lowland areas. A set of vertical
aerial photographs was taken over the Franz Josef, Fox, Tasman, and
Hooker Glaciers in 1953, followed by a most useful set of oblique aerial
photographs taken by the Royal New Zealand Air Force along both sides
of the Southern Alps in autumn 1955. These surveys were made just
prior to the first of the systematic vertical aerial photographic flights
made over the Southern Alps as part of a nationwide aerial photo-
grammetric mapping program. By the end of the 1960’s all of the
glacierized areas were photographed, and many areas have been re-
photographed since.

Satellite Imagery

All of New Zealand’s glacierized areas are included in existing Landsat
images, but not all of the images are usable for glacial observations
(fig. 8). The two requisites for an optimum usable image are no cloud
cover and an image acquired at the time of minimum snow cover (late
summer). Many of the better images of the glacierized areas have glacial
features obscured by seasonal snow. The coding for each of the nominal
scene centers shown on figure 8 refers primarily to the amount of cloud
cover over the glacierized regions. Table 1 provides additional informa-
tion on each image, including remarks about amount of snow cover.

Table 1 lists the known usable images of the New Zealand glaciers.
Many additional images exist, but these are generally unacceptable be-
cause of excessive cloud cover or because of snow cover on winter
scenes. Unfortunately, the Landsat satellite paths and image rows do
not coincide well with the configuration of the glacierized areas. This
results in images of the more important glacerized regions appearing at
the margins of the images. The best available image of the Mount Cook
area is the larger scale (1:500,000) Landsat 3 RBV image (30324-21342,
subscene A), corresponding to the northwest quadrant of Path 79, Row
91, but this image lacks relief detail in the snowfields (Ferrigno and
Williams, 1983).

Landsat images are more appropriate for the larger glaciers, because
the spatial resolution of the image is inadequate for identifying details of
small glaciers less than about 1 or 2 km2 in area. On a 1:1,000,000-scale
Landsat MSS image 1 km equals 1 mm, so a 1-km? glacier would
measure 1 mm? on the image. Even on a 1:500,000-scale Landsat 3 RBV
image, a 1-km? glacier would only be 4 mm2, Unfortunately the rapid
changes in small, steep, and very active glaciers, such as the one shown
in figure 9, are difficult to monitor by satellite imagery. On some small
glaciers the snowline has recently risen beyond the upper limits of the
glacier, thereby leaving the entire glacier in the ablation zone (fig. 10).
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position indicates a negative glacier balance. Continued annual negative
balances ultimately result in glacier recession. Glacier-snowline eleva-
tions have been recorded during studies on the Tasman and Ivory
Glaciers (Chinn and Bellamy, 1970; Anderton and Chinn, 1978; Ander-
ton, 1975) and are compared in table 2. During the studies on the Ivory
Glacier, the end-of-season snowlines rose above the upper elevation limit
of the glacier to an indeterminate elevation on the headwall. Therefore,
mass-balance figures are given instead of snowline elevation.

TABLE 2. — Glacier-snowline variations with time

Tasman Glacier, Ivory Glacier, area
snowline elevation averaged mass balance

Balance year (m) (m)
1966 1,700
1967 1,970
1968 1,630
1969 1,690
1970 2,200 -2.111
1971 1,930 -1.66!
1972 1,850 -1.73
1973 1,900 -3.48
1974 1,700 -4.00
1975 1,680
1976 1,680
1977 1,770
1978 1,860
1979 1,700
1980 1,810
1981 1,750
1982 1,750
1983 1,740
1984 1,720
1985 1,720

Mean ———___________ 1,790

! Approximately one full year only.

Conclusions

Glaciers are particularly useful for the study of present and past
climatic variations. A record of variations in glacier margins and glacier-
snowline positions provides a means of accurately documenting yearly
climatic variations, whereas moraines mark previous glacier extents and
thus record past colder climates. Satellite imagery is a fast and regional-
ly comprehensive method of documenting all of these glacier features. In
New Zealand, satellite imagery may have its greatest value in estab-
lishing past limits of the larger glaciers, because former moraines and
other subtle ground features clearly show former glacier extent. The
limiting factor of Landsat images of New Zealand for glaciological moni-
toring is the effective spatial resolution of MSS, Landsat 3 RBV, and
thematic mapper (TM) data (79-m pixels for the MSS, 30-m pixels for the
RBV and TM images). Future satellite images, such as photographs
from the Large Format Camera, which have a spatial resolution of 10 m
(equivalent to a 3-m pixel), will result in a major reassessment of the
value of satellite imagery for monitoring fluctuations in New Zealand’s
glaciers.
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