








WHITE GLACIER; l : 21500
Lowest 2 Kilometers

(Terrestrial photQgrammetry)
Keith C. Arnold, Glaciology Division

Fisheries and Environment Canada

Purpose
This is not so much a map as a look inside a map constructed from terr-
estrial photogrammetry. Contours and spotheights are the only two feat-
ures shown. An assessment of the accuracy of these two features is the
purpose of this "map".
This is one of a series of three such maps, made to test the proposi-
tion of Meier (1966, p. 812) that the net budget lIcannat be determined
at anyone point on a glacier from photogrammetric measurements alane".
This example was made from photography taken before the start of the
1969 ablation season. The third set was taken a year later, at the end
of the ablation season.
The objection to photogrammetry as a method for measuring mass balance
is a glaciological one, based on an incomplete knowledge of the vertic-
al component of flow. Apart from noting that Arctic glaciers move more
slowly than their temperate counterparts, and that the ablation season
is compressed into a shorter period of time, the glaciological problem
is not further elaborated in this note.
It is not easy to gain an accurate idea of the reliability of contours
shown on maps of glaciers. The finest plottable detail is often taken
to be 0.2 mm. A contour line of this width contains some error. The si-
ze of the height error depends on the contour interval and on the spac-
ing of contours on the map. From aerial photography, it is largely a
function of the flying height and the slope of the terrain.
With terrestrial photogrammetry, one is concerned with the accuracy of
a photogrammetrically measured distance away from the camera stations.
Errors in such distances increase with the square of the distance from
the base. Height errors in terrestrial photogrammetry depend on these
distance errors, the inclination of the photogrammetric ray, and the
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angle of intersection of that ray with the point of detail. In aerial
photography, a vertical cliff face is impossible to contour, if the
picture was taken directly above it. In terrestrial photogrammetry,
ground sloping away from the camera at a slope equal to the photogra-
phic ray is impossible to contour.

Survey Method
For this survey, all photography was taken at right angles to the base-
lines. This gave the advantages of maximum accuracy and a greater area
of overlap between adjoining baselines, as well as easier plotting,
when the parallaxes had to be cleared during the relative orientation
procedure. The disadvantages were that the time spent in field opera-
tions was increased, and the photography gave a less synoptic picture
of the glacier condition.

Plotting Method
The photography was plotted on a Wild A7 plotter. Eaoh contour was plott-
ed at least twice. In difficult terrain the contour was plotted more
than twice: in this case the averaged result is shown as a dash-dot-
dash line (for example, see 32 300 E, 62 100 N).
Spot elevations were measured at the intersections of the 50 metre grid.
Each point was measured five times and the mean of five readings is
plotted on the map. The means from bases 2, 4 and 6 are in upright type
and appear above the grid intersettion. Those from bases l, 3 and 5 are
in italic type and appear below the intersection.
Because of the geometry of the photography, more overlapping points are
found on the far side of the glacier. Therefore, the sample of points
determined from two different bases contains more distant points than
foreground points. This makes the assessment of accuracy more conserv-
ative than it would be if all points had been determined twice, from
different photo-bases. The greatest discrepancies can be found at:

32 500 E, 62 350 N 2.5 m
32 550 E, 62 600 N 2.2 m
32 450 E, 62 800 N 1.7m
32 150 E, 62 500 N 1.6 m
32 450 E, 62 350 N 1.5 m
32 350 E, 62 400 N 1.4 m
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The surface of the glacier is not smooth, and some large errors are to
be expected if photography is taken from different photo bases. The
following table shows the distribution of differences for the 334 points
out of 700 that were determined from two bases.

Number observed from two bases 334 100.0 %
differences:

0.0-0.2 m 165 49.4 %
0.3-0.5 m 93 27.8 %
0.6-0.8 m 36 10.8 %
0.9-1.1 m 27 8.1 %
1.2-1.4 m 7 2.l %
l .5-1 .7 m 4 1.2 %
l.8-2.O m l 0.3 %
2.1-2.3 m O 0.0 %
2.4-2.6 m l 0.3 %

The next table assists in finding the height errors in the contours.
The width of the error band, in millimetres, is given in the left-hand
column. The steepness of the glacier surface can be estimated by meas-
uring, in millimetres on the map, the distance between the next upper
and the next lower contour, a vertical interva l of ten metres.
Width of error Distance between next upper and lower contours
band (mm) (A 10 m height interval) (mm)

10 20 3.0 40 50 60 70 80 90 100
l l ~O 0.5 0.3 0.,2 0.2 0.2 0.1 o. l 0.1 0.1
2 2.0 l.O 0.7 0.5 0.4 0.3 0.3 0.2 0.2 0.2
3 ... l.5 l .O 0.8 0.6 0.5 0.4 0.4 0.3 0.3
4 ... 2.0 1.3 l .O 0.8 0.7 0.6 0.5 0.4 0.4
5 .. . ... l.7 l.2 l .O 0.8 0.7 0.6 0.6 0.5
6 ... . .. 2.0 l .5 l .2 l .O 0.9 0.8 0.7 0.6
7 .. . .. . ... l .8 1.4 l .2 l .O 0.9 0.8 0.7
8 .. . .. . ... 2.0 l .6 l .3 l .l l .0 0.9 0.8
9 .. . .. . ... . .. 1.8 l .5 l .3 l .l l .O 0.9

10 .. . ... o •• ... 2.0 l .7 l .4 l .2 l .l l .O
As only 0.3 % of differences for the spot heights were greater than 2.0
m, errors greater than this amount have not been listed in the table
for contour accuracy.
The corresponding errors for the mapping from the 1960 aerial photogra-
phy have been given by Blachut and Müller (1966). The error in height
is given by ± (0.2 + 1.0 tan a) metres, where a is the slope of the
terrain. The values for this expression are:
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Slope (deg)
Height Error (m)

2
0.2

4

0.3
lO

0.4
20

0.6
40

l • O

Four degrees is the most frequently occuring slope and forty degrees is
the maximum slope for the study area. Thus, it can be seen that terrest-
rial photogrammetry is comparable in accuracy with aerial photogrammet-
ry, for this limited area. Because the camera to object distance is less
variable with aerial photogrammetry, it has a more homogeneous accuracy.

Time Taken
The field survey took from one to two weeks per survey, depending on the
weather conditions. The office plotting was slower than usual, as diff-
erent approaches to working up the material werè developed. In a routine
compilation, if contours are plotted twice and spot heights at an inter-
val of 50 m are required, the time for each model might be about three
days.

Special Problems
A special problem with the White Glacier survey was that the background
was another glacier, the Thompson Gl'acier. This meant that there was no
possibility of establishing permanent control points on rock. Temporary
ones, in the form of cloth draped over survey tripods, were used. These
points had to be survey~d at the time of each set of photography. Most
glacier surveys will not suffer from this disadvantage. An increase in
the speed of survey, and probably an increase in accuracy, may be ex-
pected.
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PEYTO GLACIER MAP; l : 10'000
C.S.L. Ommanney, Glaciology Division

Fisheries and Environment Canada .

The basic intent of the Peyto Glacier map was to provide a necessary
framework for the work of the Glaciology Division in mass, energy and
water balance studies. How€ver, a secondary, but nonetheless important,
aim was to cater to the perceived needs of other scientists, teachers
and the general public. For this purpose the map was embellished through
hatched bedrock portrayal and shaded relief to provide additional in-
formation between the contours and a three-dimensional effect.
The initial survey net around Peyto Glacier was designed for glaciolog-
ical observations of movement and surface change. This net was extended
to provide the necessary ground control for the 1966 aerial photography.
Those stations whose heights are given to 0.1 m were occupied and fully
observed whereas the others were intersected. The baselines were meas-
ured by subtense bar. Contours and salient glacier and bedrock features
were plotted using a Wild A7 stereoplotter.
Certain modifications to existing techniques were made in the prepara-
tion of the map. The representation of bedrock and unconsolidated rock
was ~ribed on negative red orange scribe coat rather than plate glass
which resulted in a 50 % saving in time.
The map was drawn by J. Croizet and the details interpreted by W.E.S.
Henoch who carefully nursed the project to completion.

REFERENCE
Sedgwick, J.K. and Henoch, W.E.S., 1975: Peyto Glacier, General Inform-
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A STEREO-ORTHOPHOTOGRAPH OF PEYTO GLACIER
ON THE GESTALT PHOTOMAPPER II

G.J. Young and K.C. Arnold
Glaciology Division

Fisheries and Environment Canada

The Gestalt Photomapper II (GPM II) has been d~veloped by Gestalt Inter-
national Limited'. The system has been described in detail by Crawley
(1974) and Kellyet al .(1977) and its general functioning has been comp-
ared with other similar systems by Blachut and Van Wijk (1976). The
usefulness of the system for resources mapping has been described by Ka-
lensky and Nielsén (1977) and an assessment of its usefulness for glac-
ier mapping has been made by Young and Arnold (1977). The material
displayed here is-part of the output of an experimental orthophotograph
project initiated by T.J.Blachut of the National Research Council, Ott-
awa, Canada, and carried out by t~e Forest Management Institute of En-
vironment Canada, Ottawa, Canada.
The output shown in the accompanying figure was produced by a prototype
GPM II system on an experimental basis. The system is capable of pro-
ducing an orthophotograph, stereomate, digital terrain model and con-
tour map; however, only the first two capabilities are demonstrated
here. In fact, the product consists of parts of two adjacent stereo mo-
dels printed together, each having its own stereomate. The contour map
was not reproduced here as there was not enough time available before
the printing deadline.
For this experimental orthophotograph the most' difficult available sub-
ject matter, backed up by an existing map (Peyto Glacier, l:10'000, en-
closed) made from the same o~iginal photography, was chosen so that the
limits of the system for glaciological studies could be determined. The
photography was taken on August 20, 1966 with a Wild RC-5 camera having
a 152mm lens at an altitude of 6,lOOm a.s.l .. The terrain in the ortho-
photograph ranges between l,900m and 3,OOOm a.s.l .. The 'subject matter
not only included many types of glacier surface, but also was made more
difficult to process by a heavy snowfall the night before photography
was taken. It was part of the terms of the experiment that more empha-
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sis was to be placed on planimetric and vertical accuracy than on the
appearance of the orthophotograph. In addition, the system was allowed
to function in its automatic mode with a minimum of human intervention.
The orthophoto map would have been of better quality, especially in the
firn area of the glacier, had more human intervention been permitted.
Some of the terrain included in the orthophoto is very steep - steeper
than the specifications given for system operation. For reasons of eco-
nomy, reproduction here is by a half tone process rather than a full
tone photographic print; this has detracted slightly from the clarity
of the product.
The 1:10·000 map of Peyto Glacier and this orthophotograph have been
produced at the same scale, thus allowing a direct comparison between
the finished products.
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ORTHOPHOTO GEPATSCHFERNER, l : 7'500
K. Brunner, Institute of Cartography, Technical University, Munich
H. Rentsch, Commission for Glaciology, Bavarian Academy of Sciences,

Munich

The production of convent~onal topographic maps (so-called "line maps")
of glacierized areas as a tool for glaciology is complicated, expensive
and time-consuming. On the contrary, orthophoto maps can be an economic-
al alternative for the production of conventional glacier maps.
Orthophotas. are differentially rectified and enlarged aerial photographs
with homogeneous scale, which - unlike aerial photographs - allow meas-
urements of straight lines and areas. By means of cartographical treat-
ment an orthophoto map is obtained from the orthophota. In order to pre-
serve the details of the orthophoto as much as possible the cartograph-
ical line work has to be limited to a minimum. Necessary supplements of
the orthophoto are: terrain representation, boundary lines and letter-
ing. For the terrain representation spot heights and contour lines with
larger vertical intervals than in conventional IIline mapsII are suffic-
ient. For the usual scale l : 10'000 of glacier mapping a vertical int-
erval of 50 m seems suitable. The glacier edge is often not clearly
perceptible in the orthophota, so it has to be extracted by photogramm-
etric stereoplotting.
The presented example of an orthophoto map, scale l : 7'500, shows a part
of the Gepatschferner in the Oetztal Alps (Austria), at present the
largest glacier of the Eastern Alps. For the different rectification of
the aerial photographs, which wére taken by a normal angle camera, an
Orthoprojector GZ l of Carl Zeiss Co. (West Germany) was used. The gla-
cier area is marked by a blue overprint. For the terrain representation
spot heights and contour lines of vertical intervals of 20 m were chos-
en. White contour lines are printed in the (darker) ice-free land and
blacks in the (lighter) glacier, respectively.
This example of an orthophöta map of a glacierized region was produced
by the Institute of Cartography of the Technical University Munich. At
the same Institute there is at present a conventional six-colour topo-
graphic glacier map of the whole Gepatschferner, scale l : 10'000, in
preparation.
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VORFELD DES UNTEREN GRINDELWALDGLETSCHERS - 1974
(Orthophoto map)

H.J. ZumbUhl, ~eographical Institute
University of Berne, Switzerland

This map is part of a comprehensive thesis on the history of the glacier
from the 12th to the end of the 19th century. The Lower Grindelwald
Glacier, a valley glacier in the Bernese Alps exposed to N/NNW (1973
length: 9.0km, surface area 2l.7km2; MUller et al., 1976) consists in
the higher regions of two main parts, the Fiescher Glacier (SW-part) and
the Ischmeer (SE-part). Some important front positions of the glacier
from 1600 to 1933 are shown on the map. As the glacier has receded more
than 760m since 1933, the front of the ice tongue is today approximately
560m (i.e. about 28cm) off the map in the SSE direction of the gorge.
The time-consuming task of surveying for the orthophoto map (at a scale
of 1:21000 and with contour intervals of 2m) was carried out in 1974 by M.
Zurbuchen, Berne, in cooperation with the author. The moraines (mostly
covered by vegetation) were mapped by plane-table.
The glacier fluctuations were reconstructed with the help of moraine
data and a large number of previously unknown illustrated documents.
There are approximately 292 pictures showing the Lower Grindelwald Gla-
cier before 1900 (ZumbUhl, 1978). Further results originate from C-14
dating, pollen profiles and pedological analyses of the ditches 111mAspiII
Gl and G2 (Messerli et al., 1976).
The historical sources were found in several libraries, museums of art
and private collections, mostly in Switzerland, but occasionally in
other countries (Austria, England, Germany, Norway and Poland). Search-
ing for, and analysing, historical source material takes time (7 years
so far) but is fortunately often aided by chance discoveries. The qual-
ity of the glacier views varies considerably: from landscapes by such
masters as C. Wolf, J.A. Koch, J.M.W. Turner down to products for the
tourist trade. From 1860 on there are also photographs and topographic-
al maps. For scientific interpretation the pictorial source material
must meet at least three conditions:
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- The time of origin of the illustrated document must be precisely
known (a lot of problems derive from this point).

- The glacier and the topography of its surroundings should be drawn
exactly.

- The place where the artist made the picture must be known.
Some of the most important findings are drawn on the orthophoto map:
- In red, the front positions of the glacier which can be identified by
moraines and historical sources (moraines originating from the glacieris
maximal length in 1600 and 1855/56, but also the ice front of advances
in 1893 and 1933).
- In blue, the front positions of the glacier which can be identified
only by historical sources. For these positions we have used a maximum
and minimum border line (the limits are certain on the Upper- and Low-
er Schopfrocks, the limits in the lower parts of the valley, originat-
ing from the IISchweifll,areless reliable).
A summary of the history of the Lower Grindelwald Glacier shows (much
simplified) three results (see Fig. l in Zumbühl , in: Messerli et al.,
1976).
- During the IILittle Ice Agell (approximately 1600 to 1860/70) the glac-
ier was for a long time much more extensive than today. Even at its
least extensive position, the Lower Glacier still terminated in the re-
gion of the Schopfrocks, that means approximately 1200 m beyond its
1976 position (see map: ice border of 1748/49, 1762, 1794, 1813/14,
1868/69) .
- Within the comparatively long period of high level growth from 1600
to1860/70, the glacier shows at least five (to seven) relatively short-
term increases with the development of the IISchweifll (amount of advance:
400-600 m). On the map the maximal length of 1600 and of 1855/56, but
also the advances of 1768-1778/79 and 1820/22 are shown. The less cert-
ain advances of 1669/70, 1719/20 and 1743 are missing. .,_
- Since 1856/57/60, the history of the Lower Glacier is dominated by a
shrinking process. Today, the glacier ends in the deep narrow gorge at
a distance of more than 1800 m from the moraines marking the maximum
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length. There is no historical documentary evidence to show that the
Lower Glacier has ever receded as far pack as today (at least, during
the period 1600-1976).
We can use these findings on the fluctuations of the Lower Glacier for
the history of the climate when we take into account some special fact-
ors (~1esser1i et al., 1978). For the period of 1600 to 1900, the combin-
ation of the results of an analysis of historical sources with geomorph-
ological evidence seems to be the best method. Before 1600, dendrochron-
ology, C-14 dating and analysis of pollen profiles furnish better re-
sults. The historical method, based on a large number of good quality
historical views and written sources, can be adapted also for other fre-
quently visited glaciers in the Alps, as for example, for the Upper
Grindelwald Glacier (Zumbühl , 1978), the Upper Aare Glacier (Ammann,
1977) or the Lower Aare, Rosenlaui und Rhône Glacier.
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ORTHOPHOTO GLACIER MAP OF THE GROSSVENEDIGER; 1:10'000
w. Pillewizer, Technical University of Vienna, Austria

The aerial photograph of a ~lacier is far more accurate than the normal
topographic map. Therefore, a differentially restituted aerial photo-
graph (orthophoto) combined with contour lines is particularly suited ~s
a map basis for glaciological studie~. There are, however, various
difficulties to be overcome in producing these orthophoto glacier maps.
They arise through displa~ement in the orthophotas of steep slopes due
to the great differences in height in alpine regions, which cannot al-
ways be compensated by the orthoprojector. They are also caused by the
striated appearance of snow and shadow areas, and by cast shadow in the
aerial photographs. The Institute of Cartography and Reproduction Tech-
nique of the Technical University in Vienna was able to overcome these
difficulties in the product)on of the attached' six-colour aerial map of
the Grossvenediger at a scale of l:10'000 (Hohe Tauern, Austria).
The aerial photograph was taken in September 1974 at an average photo-
graphic scale of 1:30'000 with a wide-angle lens. The survey flight was
timed for 10.45 hrs in order to achieve a minimum of cast shadow in the
photographs. On the basis of ground survey control points established
in the terrain the.orthophotos were produced at the In~titute of Applied
Geodesy in Frankfurt/Main with an orthoprojector GZ l at a scale of l:
10'000. The difference in height of l520m between. the peak of the Gross-
venediger and the Untersulzbach valley was only just resolved.
The map was based on a double orthophoto. However, as this showed in-
accuracies in the pictures of the area of Kleinvenediger-Viltragenkees
the subsequent single orthophoto was used. This had been produced from
an aerial photo with a better view of the terrain of the Kleinvenediger.
Therefore, care must be taken to ensure that orthophotas are made from
both survey pictures of an area. The orthophotas were combined in a
montage photograph so that a faultless picture resulted in which even
the shadow strips of the firn fields in the orthophoto were removed by
retouching. The orthophoto thus prepared was the most important basis
for the production of aerial survey maps. It was scanned for offset
printing, and the glacier areas were divided into glacier shading (blue/
green) and land shading (grey).
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A contour outline is, however, also absolutely essential for producing
this map. This was done at the Institute of Photogrammetry of the Tech-
nical University, Vienna, from the same aerial survey photos, and using
the same ground control survey points as had been used in making the or-
thophotos. Thus the contours exactly match all the details of the vert-
ical aerial photos. This, particularly in alpine regions, can only be
achieved with analogous evaluation of the aerial survey photos, using
highly advanced stereo evaluation equipment. The contours obtained from
the orthophoto production alone are insufficient. For the Untersulz-
bachkees and the Obersulzbachkees an equidistance of 10m was chosen for
the contours, such as is necessary for glaciological studies, and the
remaining area was shown in contours spaced at 20m. The contour lines
in the glacier regions are drawn in blue, those elsewhere in brown.
For the main glaciers the brown contours of ice-free areas were conti-
nued as brown sub-glacial contour lines. Below E. Brückl reports on the
construction of these sub-glacial contour lines which allow examination
of the depth ratios of the Untersulzbachkees and the Obersulzbachkees.
In spite of their schematic progression, the brown sub-glacial contour
lines harmonise with the orthophoto structural picture of the glacier
surface, which is in turn shown by blue glacier contour lines.
The subsequent cartographic work comprised the production of rock draw-
ing, which was needed to emphasise the ledges of the tapered peak ridg-
es and of moraines, and to show scree slopes etc. Here too, the ortho-
photo proved to be the best basis for mapping. The aerial survey map
of the Grossvenediger was orientated south-south-east in order to avoid
the pseudo-plastic impression which would have resulted from orientation
to the north. The shadows caused by sunlight in the northern hemisphere
result in many cases in a negative impression of the relief, which can
only be avoided by south orientation of the maps.
It is thus possible to produce orthophoto glacier maps within a short
period of time: checking of ground control points and survey flights at
the time of least snow cover in September; production of orthophoto-
graphs and evaluation of contours by the end of the year; cartographic
work, reproduction and printing of the map during the following six
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months so as to have the map ready for glaciological fieldwork in the
summer.

The Sub-Glacial Contour Lines for the Orthophoto Map
of the Grossvenediger; 1:10'000

E. Brückl, Technical University of Vienna, Austria

The construction of the contour lines of the sub-glacier topography in
the Untersulzbachkees in the firn region (above 2'800m) is based on the
results of seismic surveys of ice thickness. These measurements were
carried out by the Central Institute of Meteorology and Geodynamics,
Vienna, in the course of the International Hydrological Decade, and
showed the ice thickness along three cross-sections at altitudes of
3'200m, 3'050m and 2'850m. In order to interpolate the ice thickness
between the seismic profiles, the combination of ice thickness and sur-
face incline was applied. Whilst the interpolation value in the pre-
viously studied glaciers did not deviate systematically from a constant
figure, a relation to the slope angle could be found at the Untersulz-
bachkees, and this was taken into consideration in the construction of
the sub-glacial contour lines. In spur and ridge areas the described
method of interpolation cannot be applied, and these areas were ascer-
tained by morpho loq icel progression probability.
There were no ice thickness surveys of the terminus of the Untersulz-
bachkees. Here the ice thickness was calculated by comparing the maps
of the various glacier stages. This method is based on the assumption
that the ratio of the ice thickness to the surface incline remains con-
stant.
In the now ice-free perimeter (glacier stage 1974) this result could be
directly ascertained by comparison with the map of 1934. In higher por-
tions of the tongue this was determined by the sinking ratio of the gla-
cier surface and the relative changes of incline. As this method could
only be employed for the ice thickness along the central line of the
glacier terminus the sub-glacial contour lines towards the' edge of the
glacier were interpolated, using morphological considerations.
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The accuracy of the contour lines (obtained by comparing maps) is indi-
cated by the agreement of the transverse strain on the glacier bed (cal-
culated from the ratio of ice thickness to surface incline) in the seis-
mically surveyed firn area with that in the terminus region.
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