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ABSTRACT. The ice movem ent on the Byrd Glacier, Antarct ica, was measured as function of time, on the 
basis of aerial photography. The method of aero-levell ing strip triangulation with a minimum of geodetic 
control was applied. The methods and procedures were verified over Laufen-Bauma test area. 

REsUME. Le mouvement de la surface du glacier Byrd, Antarctique a ete mesure en fonc tion du temps par 
photographie aerienne. La methode d'aeronivellement par bande a ete employee minimum de points avec le 
geodesiques d e cont role. Les methodes et les procedes utilises ont ete verifies sur la region d e controle de 
Laufen-Bauma en SlIisse. 

ZUSAMMENFASSUNG. Die Eisbewegung auf dem BYI'd Gletscher in der Antarktis wmde mit Lut'tallfnahmen 
in ihrem zeitl ichen Ablauf gemessen. Die Aeronivellem ent-Streifentriangulationsmethode wurde angewendet, 
wobei Minimum von gegebenen Passpunkten zur VerfLigung stand. Die angewandten M ethoden und 
Verfahren wurden auf dem PrLiffeld Laufen-Bauma in der Schweiz geprlifr. 

INTRODUCTION 

The problem of measurement of glacier surface movement as function of time can be 
solved by periodically repeated determination of position of a suitably chosen number of 
points on the glacier surface. If the positions are expressed within a certain particular co
ordinate system, the relative differences will permit the evaluation of magnitude and direction 
of the ice movement. 

Such periodical determinations require the establishment of a system of con trol points 
situated outside the moving glacier surface to which a ll measurements and evaluations can 
be subsequently referred. 

Glacier regions are generally situated in areas where the terrain and climatic conditions 
are not conducive to ground surveys. This is particularly true in the Antarctic. The instru
mental work in the field connected with determination of position of a fairly large number of 
points, e.g. by the method of intersections, may take at least several days. During this time 
some displacement of the glacier surface will have occurred, which introduces a considerable 
complication of the problem. I t is therefore essential that field work should be reduced to the 
minimum and this can be achieved by the application of photogrammetric methods. 

Aerial triangulation is a method which provides a very satisfactory solution to the problem, 
adding addition a l advantages of an a lmost simultaneous recording of the situation over 
the whole glacier by means of air photography and permitting all measurements except 
those of control points, to be carried out at a chosen time under laboratory conditions. 

PHOTOGRAMMETRIC DETERMINATION OF BYRD GLACIER MOVEMENT 

The problem of application of strip aeria l triangulation to the measurement of glacier 
surface movement has been investigated by the author under the guidance of Dr. A . .J. 
Brande!1berger at the Ohio State University, whose research group has been active in 
g lacier m:.lpping for scientific purposes (Branden berger 1963) . 
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The glacier under investigation was the Byrd Glacier in the Antarctic (Swithinbank, 1963) 
(see Fig. I ), the approximate width of which is 25 km. 

Two strips of vertical air photographs flown across the glacier were available, taken in 
November 1960 and October 1961 respectively. A standard wide-angle camera of 154 mm. 
focal length and 23 cm. X 23 cm. format with a sixty per cent longitudinal overlap was 
employed on each mission, the respective average flying heights being 5,100 m. and 6,300 m. 
above the glacier. 

The ground control available was extremely meagre, one reliable point being available 
at each end of the strip, situated outside the moving glacier surface, approximately 34 km. 
apart on surrounding plateaus. Several additional elevation points were available on the 
glacier surface itself, but the reliability of their identification on air photos was very 
questionable. 

A local plane rectangular system was established and oriented on the basis of the two 
ground control points and all subsequent evaluations were referred to it. 

The aero-levelling method of strip triangulation was selected, which utilizes altimeter or 
statoscope readings taken during the flight for each individual photograph to compute the 
relative differences in elevation between the air stations, which are introduced as bz values in 
the stereo instrument during triangulation by using the equation 

(I) 

where 100·00 mm. is the zero value of the bz scale and M M the selected machine scale. The 
first strip contained I I and the other 12 models. 

The Wild Autograph A7 was used for all aerial triangulations described in this work. 
Optical mechanical relative orientation procedure was followed throughout, with a slight 
modification to allow for the pre-computed bz readings. Machine scale was I: 20,000. The 
absolu te orientation of the first model was carried out using the available points (i. e. one 
ground control point and three aneroid elevations on the glacier surface) and the triangula
tions followed across the glacier, reading machine coordinates of points selected previously 
for measurement. These points were chosen in such a way that they formed three approximately 
parallel rows across the glacier and were identifiable on both strips. No difficulty was en
countered in finding characteristic points such as ends of crevasses, sharp protrusions, etc. 

The propagation of errors in aero-Ievelling can be expressed by the following equations: 

Llx 
Lly 
LlH 

ao + alX + a,x" 
bo + b,x + boY', 
Co + C,X. 

Equation (2a) expresses primarily the effect on the x values of the scale errors correlated with 
height errors, which results in a parabolic falsifi cation of the x machine coordinates. Actually 
a third-order term should be included in equation (2a) to allow for the bending of the strip 
in the y direction caused by systematic error of swing. However, considering the accuracy 
limitations of aero-Ievelling this can be disregarded. Equation (2b) expresses primarily the 
parabolic falsification ofy machine coordinates caused by the systematic swing error. Equation 
(2C) expresses the linear propagation of height errors, which is peculiar to aero-levelling. 
Thus, three control points are required to determine the coefficients for each longitudinal 
section to obtain the Llx and Lly values and the third point should fall preferably in the middle 
of the strip. 

In aerial triangulation across glacier surface which is not stable the provision of a control 
point in the middle of the strip is out of question. Due to this fact the strips were adjusted 
linearly on the basis of the two terminal control points at each end. 
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Using eight points outside the glacier as criterion and regarding their terrestrial coordinates 
obtained from the first strip as errorless, the following standard errors were obtained for the 
terrestrial coordinates computed from the second strip: 

mx = ± 11"2 m., my = ± 11'9 m. 

Subsequently the horizontal components of the ice flow LlX and LI r were computed for each 
of the selected points on the surface of the Byrd Glacier: 

and their resultant (the flow distance) 

The azimuth of each flow line was computed from 

Llr'i 
tan X · = --

~ LlXi (5) 

The results presented graphically in Figure 2 show decisively the existence of the ice movement 
on the Byrd Glacier between November 1960 and October 1961, which varies from approxi
mately 50 m. at the edges to the maximum of approximately 850 m. at the center. Azimuths 
of the flow lines show the directional behavior of the movement. The horizontal displacement 
observed can also be expressed as rate of movement, based on the observing period of 348 days . 
Considering the middle part of the glacier, the average observed total movement was 
803' 3 m. ± I per cent. This expressed as a velocity gives 2' 3 I m. /day over the observing 
period. 
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VERIFICATION OF METHODS AND PROCEDURES EMPLOYED 

The inadequate geodetic control available and the unorthodox procedures followed made 
the Byrd G lacier results rather uncertain as to their accuracy. In view of this the author 
verified the procedures and methods employed by simulating similar conditions over a test 
area. The test area chosen was the well known Laufen-Bauma area in Switzerland, which was 
used in several scientific investigations conducted by the Organisation Europeenne pour des 
Etudes Photogrammetriques Experimentales and the International Society of Photo
gramme try. The Laufen-Bauma area has a dense network of geodetic ground control, deter
mined with cadastral accuracy of approximately ±s cm. 

The strip investigated was photographed with a Wild RC? camera, focal length 100·26 mm. 
picture size 14 cm. X 14 cm., flown at an average height of 6,000 m. above the ground. 
A Wild Statoscope provided the data from which bz elements were pre-computed. 

Following the principle of aero-levelling and a linear adjustment of X and r coordinates 
on the basis of 3 points at the beginning and 2 points at the end of the strip, the following 
standard errors were obtained for 30 control points spread uniformly throughout the strip: 

mx = ± 1· 8 m., my = ± 2·7 m. 

The elevation errors were left unadjusted and their standard error was mH ± 3·2 m. 

CONCLUSIONS 

The above results fully justify the procedures adopted for the Byrd Glacier triangu lations . 
The standard errors obtained are very reasonable considering that linear and not parabolic 
adjustment was made. The smaller scale of photography used in the verification experiment 
was compensated by better quality of photography than in the original investigation. 

In investigations similar to the one described here particular consideration should be 
given to the following points: 

(I) The aerial photography should be flown at regular intervals of say one year, preferably 
on the same date each year and at the same time of day. The same flight line should be 
adhered to on each mission, the same good quality survey camera or one of very similar 
charac teristics should be employed and the flights should be made at the same height above 
the g lacier. 

(2) Geodetic ground control can be reduced to the minimum as outlined above, that is, 
three points at the beginning of the strip and two at the end, located outside the glacier 
surface. If the control points are suitably signalized or prominently located they can be used 
for repeated evaluations. 

(3) The points used for measurement within the aerial triangulation should be identifiable 
on the strips flown on different dates. If the type of glacier surface makes identification 
difficult the points would have to be pre-signalized. 

(4) The aero-levelling procedure seems to be the best to combine with the principle or 
linear adjustment and geodetic control reduced to the minimum. One should realize that the 
main limiting factor of accuracy achievable is the precision of statoscope or a ltimeter used 
during the flight. However, the results obtained will permit the evaluation of magnitude and 
direction of the ice movement with accuracy sufficient for most glaciological investigations. 
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