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ABSTRACT. Airborne scanning lase r altimetry is a relatively new technique for 
remote sensing ofground elevation. A laser ranger is scanned across a swath beneath the 
aircraft, producing a two-dimensional distribution of elevations when combined with 
data on aircraft position and orientation. Smooth snow-covered glaciers are ideal surfaces 
for laser scanning since they are highly refl ective. A new prototype laser system is des
cribed together with results from Hardangerjokulen, Norway. An analys is of the data 
shows that noise levels are very low at around 2 cm, and that repeatability between over
lapping swaths is approximately ± 10 cm. This is consistent with an absolute accuracy of 
15 cm or better from manufacturer's and other measurements. Swath widths of over I km 
are attainable, allowing complete coverage of small to medium-sized glaciers using paral
lel Oight tracks. The high accuracy and dense, even coverage (about 20000 points per 
km 2

) gives good-quality derived products such as DE M s and enables reliable measure
ment of glacier volume change. Scanning laser a ltimet ry has many advantages over 
photogrammetry, which was previously the only remote-sensing method of measuring 
elevations over la rge a reas but which performs poorly over snow-covered glaciers. 

INTRODUCTION 

Glacier surface topography is fund amenta l to almost all 
investigations of glaciers, in particul ar the measurement of 
glacier change. Traditional aerial photogrammetry has 
provided this essential information for many decades, 
giving a typical elevation accuracy of around 0.5 m for 
1: 10 000 vertical images (Blachut a nd Mi.iller, 1966), but 
fi eld prepa ration and analysis are time-consuming. Recent 
digital photogrammetric methods and global positioning 
system (GPS) navigation have automated the analysis of 
images somewhat. However, photographs of the glacier sur
face must contain some degree of contrast in order to cor
rela te image pairs. Photogrammetric surveys tend 
therefore to be restricted to late summer, when snow cover 
is at a minimum. Also, contrast may be poor in accumula
tion areas, and surveys can be severely affected by summer 
snowfa lls, so maps may contain large a reas where no reli
able elevations could be obtained. Surveys a re also very sen
sitive to the weather since all reference points needed for 
aerotria ngulation must be visible. For large ice caps there 
may be no visible reference points in im ages, increasing 

errors further. Derived products such as digital elevation 
models (DEMs), slopes and estimates of volume change are 
thus often of poor quality. 

Other methods exist for measuring elevations along 
profiles, although a considerable number of profiles may be 
needed to obtain sufficient coverage for calculation of 
volume change, for example. In particul a r, kinematic GPS 
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surveys provide very accurate ( typically ± 10 cm ) eleva
tions (see, e.g., Jacobsen and Theakstone, 1997). Garvin 
and Willi ams (1993) describe airborne (non-scanning) laser 
a ltimetry, a remote-sensing method of obtaining glacier sur
face elevation along profiles. The equipment consists of a 
laser ranger mounted in an aircraft with kinematic GPS 
navigation, and was used to measure ice surface profiles in 
Iceland and Greenland. Echelmeyer and others (1996) 
describe volume-change measurements in Alaska m ade 
using a similar portable system. However, repeat measure
ments along identical ground tracks are not possible with a 
non-scanning system, due to errors of typically 50 m or so in 
ai rcraft navigation . 

Scanning enables repeat surveys to be made for meas
urement of ice thickness change, since ove rlapping coverage 
can be guaranteed provided swath width is at least 100 m or 
so. Krabill and others (1995a) describe a scanning laser alti

meter system developed by NASA. A nutating mirror pro
duces an elliptical spiral of data points at 800 Hz within a 
swath of 200 m width typicall y. Aircraft position and attitude 
are measured using GPS and inerti al navigation system 
(INS), respectively, and accuracies of 10- 20 cm were 
obtained over Greenland when data were included from rig

orous calibration before, during and after each flight. Results 
from extensive measuremen ts in Greenland are described by 
Krabill and others (1995b) and Thomas and others (1995). 

H ere we describe a new prototype airborne scanning 
system and results from Hardangeljokulen in Norway, and 
assess the potential of laser altimetry for mapping glacier 
surface elevation. The equipment is similar to that described 
by Krabill and others (1995a), but is designed for fast and 
reli able production of DE M s, with ease of use a nd se rial 
production in mind. 
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Table I. ALTM Laser scanner specifications and accuracy 
( Fotonor AS, 1996; personaL communicationJromJ. Linden
be/ger, /996) 

Lase r wavelength 
Footprint diameter 
Laser pulse rate 
Scanner rate 
Max. aircraft height 
Max. scanner angle 
Typical DEM resolution' 
Inst rument weight 
Range accuracy 
Scanner angle accuracy 
INS accu racy 

1.047,lm 
0.30 m 
Adj ustable up to 2000 H z 
Adjustable up to 30 H z 
1800 m ror 100% refl ectance 
± 20° (1300 m swath at 1800 m height) 
7.5 m X 7.5 m 
155 kg 
0.07 III 
0.05° 
0.02° (roll , piICh)/0.04° (yaw) 

• At 70 m s- 1 a ircrart speed, 5 Hz scanner rate, 2000Hz pulse rate and 
1300 m swath width. 

EQUIPMENT 

The prototype system has been developed jointly by Optech 
in Canada and TopScan in Germany and is known as 
ALTM (airborne laser terrain mapping system). The equip
ment mounts directly into standard Leica, Zeiss and Wild 
aerial camera frames. It consists of a laser ranger, a scan
ning mirror to direct the transmitted and reOected beam, a 
GPS and INS platform for aircraft position and orientation, 
a computer for data processing and a tape drive for data 
sto rage. Unlike the NASA system, the ALTM laser beam is 
swept perpendicul ar to the ground track, producing a more 
even distribution of data points. In addition, no ground con
trol or calibration is necessary apart from a 10 min auto
matic calibration prior to take-off. Equipment speci
fications are given in Table I, together with accuracies which 
have been determined by extensive testing. A new version of 
the ALTM with reduced weight (72 kg) and twice the max
imum lase r range is currently under development. The 
accuracy of surface elevations is affected principally by 
uncertainties in laser range (7 cm ) and GPS position (about 
10 cm vertically). Errors in scanner and INS angles will also 
affect elevation accuracy, although this is not serious for 
relatively Oat glacier surfaces. An error of 0.05° in scanner 
a ngle, for example, corresponds to a 1.6 m error in horizon
tal position at 1800 m range, and thus 0- 16 cm error in elev
a tion for a 10% surface slope. The expected overall accuracy 
in derived elevation is therefore on the order of 15 cm. 
Calculated elevations are in WGS84 coordinates, such that 
local geoid height is required to transform to orthometric 
elevations. Some overlap of parallel swaths is recommended 
in order to ensure complete coverage and as a check on data 
quality, so a spacing between night tracks of 1 km is advis
able over snow-covered glacier surfaces. 

MEASUREMENTS ON HARDANGERJOKULEN 

The ALTM was installed in a Piper Navajo aircraft belong
ing to a Norwegian photogrammetry company, Fotonor AS, 
on 19 O ctober 1995, and tes ted over a wide variety of ground 
a nd vegetation types from 19 to 21 O ctober. A laser pulse 
rate of 2000 H z, scanner rate of 7 Hz, scanner angle of 20° 
a nd aircraft speed of 70 m S- I were used in all measure
ments. On 21 O ctober two profiles, PI and P2, were Oown 
over H ardangerjokulen in Norway (Fig. 1), corresponding 
to a height above the glacier surface of 600- 1300 m and a 
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Fig. 1. Altimeter flight tracks Pi (2400 m a.s.L) and P2 
(2600 m a.s.L) on HardangerJokuLen in Norway, and areas 
Ai (500 m x 500 m) and A3 (200 m x 200 m) used in 
ana(ysis of the data. Area A2 (200 m x 200 m) is centred 
within A1. ELevation contours are in m a.s.L. Swath width 
varies from about 500 m at 1800ma.s.L. to about 900 m at 
1300ma.s.L. 

swath width of 450- 950 m. The two profiles were nown 
within a period of 15 min. Reference GPS receivers were 
placed at Finse, 4 km north of the Midtdalsbreen outl et 
glacier, and atJostedal, 120 km further northwest. 0 refer
ence data were acquired a t Finse during the PI profile, how
ever, due to technical problems with the receiver. Geoid 
height is +46 m a.e. (above WGS84 ellipsoid) at Hardanger
jokulen. Elevations have not been transformed to m a.s. l. in 
the analysis below. 

Fig. 2. ALTM eLevations (dots) and derived eLevation con
tours (so Lid Lines) within a 500 m x 500 m area Ai, together 
with ground-based GPS eLevations ( triangLes) and derived 
eLevation contours (dashed Lines). North is upwards. Contour 
intervaL is 5 m, with elevations in m a.e. (above WGS84 
ellipsoid). 
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A total of almost 148000 elevations a long the P2 profile 
was derived from the 3 min of ALTM acq uisition using 
Finse reference GPS data. Generally a lmost 100% of the 
laser pulses have resulted in an elevation over smooth 
snow-covered surfaces, but coverage is much reduced over 
two small crevassed areas on the lower pa rt of Midtdals
breen, presumably due to a combination of rougher (ice ) 
surfaces with a lower reflectance, and la rge (1100 m ) laser 
range. Low, dense cloud on the western side of the ice cap 
caused erroneous elevations from cloud tops, but these are 
easy to iden tify in the elevation data. Figure 2 shows the dis

tribution of 9945 laser elevations and derived ice-surface 
elevation contours (solid lines) within an example 
500 m x 500 m area AI (Fig. 1) close to the equilibrium line 
(abo ut 1700 m a.s.l.). Contours have been generated directly 
from a krig-interpolated 10 m x 10 m grid using a search 
radius of only 10 m, yet they are very smooth, indicating a 

lack of noi se in the data. This is the case over the whole of 

the glacier covered by the swath apart from the two cre
vassed a reas. 

DATA QUALITY 

No independent data on glacier surface elevation exist for 
Midtdalsbreen for October 1995. H owcver, a lmos t 60 km of 
kinematic GPS ground profiles were acquired on the glacier 
from 4 to 8 April 1995 in connection with ice radar measure
ments. These are of good quality, with an estimated absolute 

error in elevation of 10 cm. Figure 2 shows the di stribution 
of 127 ground-profile elevations within AI, together with de
rived elevati on con tours (dashed lines ). Contours have been 
generated from a triangular irrcgula r network (TIN), 
which is better suited to interpolation of data distributed 

along lines than kriging. There is good agreement between 

the patterns of contours, with a fairl y systematic difference 
in elevation of3.5- 6 m due to melting of snow between April 
and O ctober. The ALTM-derived contours indicate a 
smooth glacier surface within AI, such that the separation 
between GPS ground profiles ( typically lOO m ) is suffi
ciently small to model the surface accurately. However, it is 
apparent from the two distributions of da ta in Figure 2 that 
ALTM data would be better able to model roughness on 
leng th scales ofless than 100 m. 

The average elevation difference within Al between the 
data sets (ALTM less ground-based GPS) is - 4.43 m. For 
comparison, snow depths (to the 1994 Summer surface) of 
5.2 and 1.0 m are estimated at 1700 m a.s. l. on Rembesdal s
kaaki (Fig. I) on 23 May and 9 O ctober 1995, respectively, 
using mass-balance sounding and stake profil es there. Based 
on these data, the change in snow depth within Al between 
6 April and 21 O ctober 1995 is estim ated to be - 4.2 ± I m 
(personal communication from H . Elveh0Y, 1996). We 
expect littl e vertical motion of the summer surface here 
since it is close to the ELA, so the estimated change in sur
face elevation is the same. The elevati on change derived 
from ALTM and GPS ground-profil e data is therefore con
sistent with this estim ate from mass-balance measurements. 
The absolute accu racy of the ALTM data cannot be confirmed 
to better than Im by comparison with gro und-elevation and 
mass-balance data. However, ALTM and ground measure
ments elsewhere by Fotonor AS inJune 1996 give an absolute 
error of 10 cm in the ALTM data (personal communication 
from 1. H0ydal, 1996). 

Kennett and Eiken: Elevation measurement by scanning laser altimeter 

R andom error (or noise ), i.e. the relat ive error in indivi
dual laser elevations, has been assessed using geostatistical 
methods on a subse t of the elevation data. A 200 m x 
200 m a rea A2, centred within Al a nd covered by swath P2 
only, was used. A semiva riogram is obtained by calculating 
semivariance (Z; - Zj )2/2 for all possibl e pairs of points 
(i, j ), where Z is elevation, and plotting semivariance aver
aged in bins as a function of lag, i. e. horizontal separation 
between the points. The random error is rel ated to the semi
vari ance at zero lag (see, e.g., Herzfeld and others (1993) and 
references therein for more information on geostatistical 

methods). Performing this analysis on the Finse-referenced 
data from A2 gives a random error of only 1.8 Cm. For compar
ison, the Jostedal-referenced elevati ons within A2 imply a 
random component of 4.2 cm, indicating poorer results 
using the longer differential GPS (DGPS) baseline, 
a lthough noise is still small. 

The same ana lysis has been carr ied out on an area cov

ered by the two independent laser-scanner swaths, P2 and 
PI. A 200 m x 200 m area A3 (Fig. I) a t 1450 m a.s.l. a nd 
close to the g lacier front was chosen, giving a noise estimate 
of 11 cm for theJostedal-referenced data (no Finse-referenced 
data from swath PI are available). Included in this error is the 

difference between the two swaths, which gives us an estimate 
of the repeatabi lity of measurements. We expect that errors of 
slightly less than 11 cm would have been obtained for an area 
covered by two swaths ofFinse-referenced elevations, due to 
the shorter DGPS baseline, and conclude that the repeat
ability of measurements is of the order of 10 cm. 

CONCLUSIONS 

The surface elevation of pa rt ofMidtdalsbreen, H ardanger

j okulen, has been measured by airborne scanning laser alti
metry. Elevation contours are very smooth despite the high 
resolution of the grid from which they are generated, and 
there is no need for any smoothing of the grid or of contours, 
indicating littl e noise in the data. This is an important con
siderati on in calculation of surface slope, for example. Com
parison of ALTM elevations with GPS ground profiles 
measured approximately 6 monlhs earli er indicates a 
change in surface elevation of - 4.43 m, consistent with an 
estimate of - 4.2 ± Im from ma s-ba lance measurements. 
Almost 100% of the laser pulses have provided an elevation 
over smooth snow-covered su rfaces at a range of up to 

1300 m. Some loss of data has occurred over a reas with bare 
ice a nd crevasses. However, experi ence from other surfaces 
suggests that elevations should be measurable over cre
vassed ba re ice surfaces, provided range from the aircraft is 
800 m or less. 

The low noise levels in the ALTM data a re confi rmed by 
geostatistical ana lysis of a reas covered by a single swath, 
giving a noise estimate of onl y 1.8 cm. From a similar 
ana lysis of an area covered by the two independent swaths 
we deduce a repeatability of around 10 cm, consistent with 
the 15 cm absolute error estima ted from manufacturer's 
measurements and an error of 10 cm measured over an ice
free a rea in Norway. 

Scanning laser altimetry has many advantages over 
other methods of obtai ni ng two-di mensional glacier su rface 
elevation. Networks of one-dimensional profil es give excel
lent acc uracy along profi les but often leave large areas with
out data. This may result in large interpolation errors if 
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surface elevation contains significant roughness on length 
scales less than the separation between profil es. Problems 
with photogrammetry include the poor contrast of snow
covered glacier surfaces, the necessity for cloud-free condi
tions over almost the entire image, the field and analysis 
time involved and the variable quality of derived elevations. 
Smooth snow-covered surfaces are, however, ideal refl ecto rs 
for laser altimetry. Use of the ALTM equipment requires no 
fi eld preparation or ground control apart from setting up a 
reference GPS receiver within 50 km or so of the area to be 
scanned. Altimeter data can be obtained in partial or high 
cloud conditions, and in lighting conditions that would not 
permit photogrammetr y. Acquisition is rapid, with com
plete coverage obtained by parallel fli ght tracks with about 
I km spacing. A swath width over snow of over 2 km is 
expected with ALTM versions under development. Post
processing is unsupervised and can be performed within a 
few hours, a nd elevation acc uracy is better than generally 
possible with photogrammetry. Scanning laser altimetry 
therefore has excellent potential as a remote-sensing tool 
for mapping of glaciers. 
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