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ABSTR ACT. T his paper presents an approach to long-term glacier monitoring. M ath­
ematical surface descriptors, such as altitude, slope and curvature (surface form ) are used to 
classify and quantify glacier surface developments. T he analysis is based on photogram­
metically derived grid-based digital eleva tion models over a period of decades. This paper 
outlines the concept and applies it to five valley glaciers in Spitsbergen, Svalba rd, which 
d iffer with respect to size, thermal regime and dynamics. The results refl ect differences 
be tween the glaciers investigated which a re a ttributable to glacier dynamics, in pa rticular 
concerning the glacier 's possible surge behaviour dur ing a period with retreat and mass 
losses. 

1. INTRODUCTION 

T he importance of relief as a governing factor for geomor­
phological processes such as m ass movements and runoff 
generation has been recognised in geomorphology. The 
quantitative relief description is the surface function itself, 
as well as the d istribution of the roughness variation across 
the surface. This is analyzed by the surface function and its 
derivatives, the relief parameters: surface elevation (altitude), 
surface gradient (slope), exposure of the slope (aspect ) and 
slope form (curvature ). T his is the basis of the science of geo­
morphometry (cr. Pike, 1995) which aims to obj ectively quan­
tify and compare landscape forms and patterns. 

A glacier is a dynamic feature with a constantly changing 
surface. During a glacier 's advance or re treat the surface to­
pography, such as elevation, slope and surface curvature, 
changes. T he surface topography can be m apped by photo­
grammetric methods based on terrestrial or airborne stereo 
photographs, providing a tool to quantify long-term glacier 
surface changes. T his has been done for m any years, m ainly 
in order to analyze the m ass balance (surface elevation 
change; cf. Finsterwalder and Rentsch, 1977) or to measure 
surface fl ow velocities (cr. Finsterwalder, 1931). In recent 
years, geographical information technology (GIT) has been 
applied for this purpose (e.g. Rentsch and others, 1990). 

This paper presents an integrated approach to long-term 

glacier analysis, considering both the surface function and 
its derivatives. The main aim is to demonstrate how m athe­
matical surface descriptors calculated from grid-based digi­
tal elevation models (DEMs) can be applied to classify and 
quantify glacier surface changes over a period of time. T he 
basics of the concept are outlined, and application results 
from five Spitsbergen valley glaciers are given as examples. 

2. GLACIER GEOMORPHOMETRY 

2.1. Relief p araIlleters 

T he basic measures of a continuous surface are primary and 
secondary "relief pa rameters". Prima ry reli ef parameters 
are the a ltitude and the fi rst and second derivatives of the 
altitude, while secondary reli ef parameters are a ri thmeti­
cal, logical and statis tical combinations of the primary relief 
pa rameters. Relief parameters give a measure of the surface 
cha racteristics on a regiona l to local scale, depending on the 
basic DEM resolution. The local cha racteristics of a surface 
are accentuated with increasing derivation of the altitude 
function. T he continuous surface is then quantified by 
analyz ing relief parameters spatia lly and statistically. 

The altitude of a surface describes the surface roughness 
function, and is continuous at every point. Statistical 
descriptors of the altitude distribution give a regional 
measure o[ the glacier surface geometry. Slope and aspect of 
a surface a re the first derivative of the altitude. T he surface 
slope is defined as the altitude g radient along a distance in 
the direction of maximum slop e, whereas aspect is the 
direction of maximum slope. Curvature is the second deriva­
tive of the altitude ma trix, and a measure of topography or 
form. Curva ture can be divided into two components: 
change of slope (profile curvature) and change of aspect 

(plan curvature). Slope and curvature a re related to driving 
stress and glacier velocity, following the traditiona l flow 
relationships (cf. Paterson, 1994). 

2.2. Change of relief paraIlleters over tiIlle on glaciers, 
and their interpretation 

T he change of the glacier surface elevation over time is 
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given as the mass balance minus the g lacier flux gradient, 
which describes the vertical flow velocity (emergence velo­
city) at a location. The surface elevation change averaged 
over the whole glacier surface gives the volume change 
during a period, which expresses the long-term net mass 
ba lance when divided by the glacier surface area. An aver­
age density of melted or acc umula ted snow and ice is 
assumed. Emergence velocity can be ignored here. 

The change of the a ltitude-derived reli ef parameters 
over time refl ects changes in glacier su rface geometry and 
thickness, and thus in glacier dynamics. A parameter 
related to the change of slope is the g radient of long-term 

surface elevation change (gJ. The parameter is defined as 

the average slope of a line determined by the average sur­
face elevation change (8Z / 8t ) between selected elevation 
interva ls, using the equation: 

gz = 
6Zf6t 

Zjl - Zj2 
(1) 

where Zjl and Zj2 are the altitudes of the selected elevation 
interval s. From comparison of this gradient between 
glaciers in the same geographical a rea a nd with measured 
annua l mass-balance grad ients (bz ), inferences abo ut the 
emergence velocity (w s ), and thus glacier dynamics, can be 

drawn (Etzelmuller and Sol lid, 1996). If at a given location 

on the glacier 8Z / 8t < 0 and bz ~ gz, then Ws is low. If 
8Z / 8t < 0 and bz > gz, then Ws is high, a nd part of the mass 
loss is replaced by ice due to glacier flow, suggesting a more 
active glacier. On glaciers where a surge occurs during the 
measurement period, gz < O. 

The change in slope combined with elevation changes 
indicates changes in driving stress. For example, a steepen­
ing of par t or all of the g lacier surface combined with only 
low surface elevation changes or even a n increase in eleva­
tion in specific areas will increase driving st resses. This 
situat ion is often observed on surge-type glaciers during 
the quiescent phase (cf. Liest01, 1969). 

The change in curvature or local topography also pro­
vides information about changing fl ow behaviour. Plan cur­
vature, which displays the curviness of glacier surface 
contours, is useful as a measure of magnitude and change 
of emergence velociti es (ws ). In the ablation area (+ws ) 

convex plan curvature and in the acc umulation area 
(-ws) concave plan curvature are expected . The walls and 
fl oor of U-shaped valleys filled by a g lacier have concave 
slope forms. A low-dynamic glacier in a downwasting stage 
will , with time, acqu i re a to pography closer to the subglacial 
relief The surface topography in this situation is expected to 
develop towards a more concave surface, especially in the 
ablation area. Therefore, high rates of change in surface 
topography during a period of su rface lowering indicate an 
accen tuated mirroring of sub glac ia l reliefon the glacier sur­
face. Small changes in surface topography despite high sur­
face lowering rates suggest that such glaciers maintain high 
fl ow velocities, counteracting mass losses by high ice flu x. 

2.3. Error propagation and strategies to quantify 
long-term changes of relief parameters over time 

Succesful quantification of glacier surface change depends 
on the DEM quality and the degree of derivation of the 
DEM. The changes can be quantified through either arith­
metical or statistical operations. Errors from the original 
da ta sources propagate through these opel-ations and nOI"-
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mally increase (cf. Burrough, 1986). Given an arithmetical 

relationsh ip 

(2) 

with x.i being different information layers, the mean error of 
u for independent Xj is 

j (8 )2 
'(nil = L <: U m J ., 

2 . 
;=1 uX, 

(3) 

For correlated Xj, Equation (3) is rewritten as 

m'lt == (4) 

where m is the mean error and Tij is the correlation coeffi­

cient between two information layers. 

2.3.1. Arithmetical operations 
The most stra ightforward way to quantify surface changes 
is by means of differenti a l surfaces, which directly compa re 
single reli ef parameter grids from different time steps imply 

by calcul ating the difference between two matrixes on a 
cell-by-cel l basis (cf. Etzelmiiller a nd Sollid, 1996). If 
7.L = x - y, the error propagates, following Equation (4): 

T:cy being the correlation between the layers x and y. 'When 
the differences become small, the relative error increases. 
Consequently, the DEMs have to be of good quality and 
the mean errors have to be known and as small as possible. 
When T".y = 1, the mean error of the differenti al surface ap­
proaches the sum of the mean errors of the original data 
source. For high-quality elevation models the errors may be 
acceptable. With derivation of the altitude matrix, however, 
the problem with data noise increases. For example, slope is 
normally derived from the DEM by maximizing the grad i­
en t in the x and y directions in a local neighbourhood. The 
gradient is then calculated from the difference between two 
cell locations over the resolution K : u = 2K- 1 (x - y). 
This resu lts in the same error add ition as shown in Equation 
(5). The error is, however, reduced with the factor 2K- 1

, 

showing tha t the error increases with decreasing cell size. 
Anyway, subtracting two noisy data sets gives weak results 
with high relative errors. This effect can be reduced by filter­
ing the origina l data source or by calculating averages of the 
relief parameters in altitude intervals. The mean error with­
in each interval can then be derived from the standard 
errors of the estimate of the mean (Sp ): 

a 
Se=-

Vn 
(6) 

where a is the estimate orthe sta ndard deviation and n is the 
sample size within the interval. 

2.3.2. Statistical operations 
An alternative method is to calculate the correlation coeffi­
cient ove r the whole surface or in a local neighbourhood 
(local co rrelation ). This results in a sort of statistical magni-
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tude of change. Local statistical descriptors can be cal­
culated by means of a moving window operation, applying: 

cov (Bl ' B 2 )x,y = 

Z=;~= l Z=~=l [BI (nm) - m (B2 )x,y] [B2(n m l - m (B1 )x,y] 

NM - 2 
cov (Bl ' B2 )x,y 

r (Bl ' B2 )x,y = (B ) (B.) 
S 1 .7;, yS 2 x,y 

(7) 

where m (B1 )i,j is the mean value in the window kernel with 
size N x M at the g rid location of the surface Blx,y ' 
s(B 1) i, j 2 

is the standard deviation, cov(B1, B 2 ); ,j is the co­
vari ance, and r(BI ' B2 )i,j is the correlation coefficient 
between the grid surfaces Bl and B2 . The size of the moving 
window can be adjusted. A correlati on coeffi cient close to 
+ I indicates sm all changes of local topography, while a 
near-zero or even negative coefficient shows large changes. 

3. COMPARISON OF SELECTED SPITSBERGEN 
VALLEY GLACIERS BASED ON RELIEF PARA­
METER ANALYSIS 

3.1. Introduction and settings 

The aim of this compari son was to investigate how the sur­
face change of Spitsbergen glaciers is represen ted by the 
geomorphometric measures. Five glaciers have been chosen 
(Fig. I), where good qua lity DEMs from several years a re 

available. 

Erikbreen and Finsterwalderbreen are valley glaciers 
located in northwestern and southwestern Spitsbergen, 
resp ectively (Fig. I). The thermal regime of both glaciers is 
poly thermal, with a cold upper layer in the ablation a rea 
and in pa rts of the accumulation area (0degard and others 

1992, 1997). Erikbreen does not seem to be building up to a 
surge at present because of the high velociti es and mass 
Ouxes measured , in relati on to the other glaciers studied 
(Etzelmiiller and others, 1993). Finsterwalderbreen surged 
at the turn of the 19 th century (Liest0l, 1969). 

Austre and Vestre Bmggerbreen and Vestre Lovenbreen 

a re valley glaciers south of Ny-Alesund on Bf0ggerhalvoya. 

Fig 1. Key map over Svalbard, with the glaciers investigated 
marked with black circles: 1, Austre BrlJggerbreen, Vestre 
Brl!ggerbreen and Vestre Lovinbreen; 2, Finsterwalderbreen; 
3, Erikbreen. 

E tzelmiiller and Sollid: Glacier geomorphometry 

Austre Bf0ggerbreen is mainly cold-based, but borehole 
measurements indicate that pa rts of the base a re a t the pres­
sure-melting point (Bj ornsson and others, 1996). Vestre 
Bf0ggerbreen and Vestre Lovenbreen a re thinner than 
Austre Broggerbreen (H agen a nd others, 1993), and so 
presumably are mainly cold-based. These glaciers also had 
their maximum extent at the turn of the 19th century, which 
Lies t01 (1988) presumes was due to surge advances. 

3.2. Methods and accuracies 

The DE M s of the glacier surfaces were constructed by dif­
ferent instruments based on air photos with varying scale. 
This resul ted in varying accuracies (Ta ble I), but relative ac­
curacies wi thin the DEMs were within 2 m and sometimes 
better than 1 m in the z direction. Absolute acc uracies were 
calculated by comparison offi eld-surveyed points, revealing 
accuracies better than 2 m (Etzelmuller, 1995). If the origi­

na l data were conto urs, g ridding was carried out following 
Hutchinson's (1989) procedure. To reduce errors, the g rids 
were resampled to 25 m for a ltitude and slope ana lysis, and 
50 m for curvature ana lysis, by bilinear interpolation. For 
calcul ati on of the re li ef parameters, the method described 
by Zevenbergen and Thorne (1987) was applied , fitting a 
nine-term polynomial to a moving 3 x 3 window. Relief 
pa rameters a re then calculated by de rivation of the poly­
nomia l equation. All spati a l calcul ati ons we re done in 
ARCjINFO-GRID (©ESRI ), a nd statistical analyses were 
performed with SAS and LOTUS 1-2-3 spreadsheets, 

Accuracies of the surface change calculations were esti­

mated using Equations (5) and (6). Absolu te errors of the 
surface elevation change in single cell locations were less 
than 3 m (Table I; Equation (5)), on E rikbreen as low as 
I m . H owever, errors in relation to elevation change (rela­
tive errors) a re high close to the equilibrium line and in the 

acc umulation a reas with sma ll surface cha nges. Within 
these accuracies cell values of slope cannot be compared di­
rectly on a cell-by-cell basis. Therefore, slope and altitude 
changes were averaged within altitude intervals, and stan­
dard errors oC the mean we re estimated according to Equa­
tion (6). For both Erikbreen and Finsterwalderbreen the 

errors do not exceed 0.5 m, which gives relative errors ofl ess 
than 10 % outside the ELA a rea. The errors of the slop e 
change were on the order oC 0.005 0 a- I, which gives relative 
errors of less than 10 % for Finsterwalderbreen. For Erik­
breen the errors were on the order of 0,0070 a- I, which 
results in higher relative errors where average slope ch anges 
approach zero. On the smaller glaciers Vest re Lovenbreen 
and Vest re Brogge rbreen with basic acc uracies around 2 m, 
even averaged values of slope may be critical because oCthe 
low number of cells in each altitude interval for the chosen 
DEM resolution. In these cases, only averaging over the 
whole glacier surface or sta tistical operations give reli able 
results. 

3.3. Results and discussion 

The hypsographic distribution of glacier surfaces is de­
scribed by the altitude skewness and altitude medi an. Erik­
breen showed negative a ltitude skewness « - 1) and high 
altitude median values which refl ect la rge areas at high a lti­
tudes. The other glaciers showed considerably lower skew­
ness va lues, indicating a more even elevation di stribution 
(Fig.2a), 

The long-term m ass ba lance (bn ) shows a high net mass 
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Table 1. Generation method and accuracies if the DEMs used 

Glacier Date Air photo DEM sampling method Original !dean error in z SOllrce 
scale interpolation ( TPs j' 

resolution 

m m 

Erikbreen 1938 Oblique Digital photograph (raster) 10 1.7 m Etzelmtiller and Sollid 

(14) (1996) 
Erikbreen 1970 I: 17 000 Analogue photograph with d igita l encoders: 5 < 0.7 Etzelmi.iller and Sollid 

WILD A 7 (con toUl~ profiles and raster) (7- 12) (1996) 
Erikbreen 1990 1:50000 Analogue photograph with digita l encoders: 10 < I EtzelmLiller and Sollid 

WILD A7 (contour, profiles and raster) (7) (1996) 
Aust re/Vestre 1966 I: 15 000 Digitizing map in I : 10 000 (contour) 10 <2 ©Norsk Pola r-insti tull 
Br0gge rbreen, 
Vestre Lovenbreen 
Austre/Vestre 1990 I : 17000 Analogue photograph wi th digita l encoders: 10 < I Smebye (1992) 
Bmggerbreen, W ILD A 7 (contour) 
Vest re Lovenbreen 
Finsterwalderbreen 1970 I: 17000 Scanning and vectorizing map in I : 20 000 10 <2 © Norsk Pola r-institutt 

( contour) 
Finsterwalderbreen 1990 I: 15000 Analytic plotter 10 < I Fox and Nuttall (in press ) 

ote: A ll surfaces are basically constructed by photogrammetry. 
• The number of tie-points (TPs) for absolute orienting of the stereo models is given in parentheses. 

Table 2. Descriptive parametersfor the glaciers investigated 

Area (1990) 
Average thickness 
ELA velocity 

Front velocity 

Mean a lti tude 
Mean slope 
Profil e curvature s.d. 
Plan curvature s.d. 

Vestre Lov3nbreen 

2.5 km2 

~50m 

<3 ma t 

<0.5 ma t 

(B0, 1992) 
306111 

12.0° 
19° (100 Ill ) I 
13° (100 m) I 

Vestre Broggerbreen 

267 m 

8.4.0 

20° (lOOm ) I 

12° (100 m ) I 

Allstre Broggerbreen 

12 km2 

~IOO m 

4ma I 

0.5 m a t 

(Liestol, 1988) 
287 m 
8.2' 

13° (lOOm ) I 

9° (lOOm) I 

Erikbreen 

9km2 

~ 140m 

49ma t 

20ma 1 

(Etzelmti ll er and others, 1993) 
4.54 m 

7.6° 
1+ (lOOm) I 

10° (100 Ill ) I 

Fin sterwald e rb reen 

32 km2 

~ 150m 

14ma t 

3 - t ma 
(Nuttall and others, 1997) 

463 m 

6.6 
10° (100 m ) I 

6° (lOO m ) 1 

Note: l<or the a lti tude, slope and curvature parameters the 1970 surfaces from Erikbreen and Finsterwalderbrcen and the 1966 surfaces for the other glaciers 
studied were used. The glacier thicknesses of Vest re Lovenbreen and Vestre Br0ggerbreen were taken from Hagen ancl others (1993); the other values are 
based on radio-echo soundings. 

loss for a ll glaciers except Finsterwalderbreen and the 1938-
70 period for Erikbreen (Fig. 2b). The change in mean alti­
tude was less than the change in median altitude, generally 
lead ing to a decrease of altitude skewness with time. This pat­
tern was less accentuated on Erikbreen and Vestre Bmgger­

breen (Fig. 2c). The magnitude of surface lowering in the 
accumulation area was higher on Erikbreen than on the 
other glaciers, while in the ablat ion area Erikbreen showed 
lower mass losses (Fig. 3). This is also displayed in the calcu­
lated gradients of surface elevation change (Equation (I)) 
which show sm aller gradients for Erikbreen (>-0.15 m per 
100 m a- I) in relation to Finsterwalderbreen and the glaciers 
on Broggerha lvoya «-0.25 m per 100 m a- I) (Figs 2b a nd 
3). The fi eld-measured annual net mass-balance gradients 
for glaciers in Spitsbergen is on the order of 0.3 m per 
100 m a- I (Etzelmiiller and SoUid, 1996; personal communi­

cation from]. O. H agen, 1996). On Erikbreen the gradient of 
surface elevation changes is less than half of this value, while 
on the other glaciers investigated the two gradients closely 
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resembled each other, revealing higher mass compensation 
by glacier Oow for Erikbreen. Finsterwalderbreen showed a 
clear increase in surface elevation in th e accumulati on area 
(Fig. 3), while the glaciers on Broggerhalvoya showed a 
weak lowering or stationary situation (Etzelmiiller and 

Sollid, 1996). 
Slope a nd surface curvature are related to glacier thick­

ness, which results in decreasing slope and curvature with 
increasing glacier thickness (er. Paterson, 1994) and area. 
The standard deviation of profil e curvature is higher than 
the standard deviation of plan curvature by a factor of 

a round 1.5 for all glaciers studied (Table 2), revealing the 
higher subglacial reli ef changes (e.g. ri egels) in the direction 
of glacier Oow. 

Slope changes show a steepening for Finsterwalder­
breen of>0.025° a- lover the whole glacier, or a 10 % change 
relative to the average slop e. E rikbreen did not change, 
while the glaciers on Bmggerhalvoya showed a general 
steepening of 0.01 - 0.02° a- I (Fig. 2d ), or less than 5% of the 
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Fig. 2, Scatter plots qf selected global topographic parameters 
and their changes for the glaciers investigated. (a ) Altitude 
geometlJ, (b- d) Surface changes for the different glaciers, 1, 
Tlestre Lovenbmn; 2, Tlestre Broggerbreen; 3, Austre Brogger­
breen; 4, Erikbreen; 5, Finsterwalderbreen, 

average (Table 2), Surface steepening in connection with a 
small change in slope skewness suggests that a glacier be­

came steeper all over the surface, as observed for Finsterwal­
derbreen and Vest re Lovenbreen. On Erikbreen and Vest re 
Broggerbreen the absolute slope skewness change was high 
(>0.01 3 a - l), indicating slop e changes only in some parts or 
the glaciers (Figs 2d and 3), On Finsterwalderbreen the stee­
peni ng of the surface is combined with an altitude increase 
(Fig, 3), implying an increase of driving stresses in time. 

The change in curvature was quantifi ed by local correla­
tion analysis (Equation (7)). Both Finsterwalderbreen and 
Austre Broggerbreen showed greater changes in the ablation 
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Fig. 3. Surface elevation change in relation to altitude and 
change in slope during the monitoring periods for Erikbreen 
(1938-70 and 1970-90) and FinsterwaldeTbreen (1970-90). 
Dotted line displays gradient qf sUlface elevation change 
(Equation (1)). Negative values mean surface lowering. 
Change in sUlface slope is marked with thick line. }legative 
values denote a tendency to steeper slopes. Va les are averages, 
calculated in 50 m elevation zone. In contrast to Erikbreen, 
FinsteTwalderbTeen clearly showed suiface altitude increase 
and steelJening in the accumulation area. 

area (lower local correlation coeffi cients) than Eri kbreen 
(Fig. 4). T he preservation oflocal topography in spite of the 
mass losses on Erikbreen is attributed to high glacier fl ow 
maintaining the surface profil e topography (Fig. 4). 

These res ul ts refl ect d ifferences between the glaciers 
which are attributable to glacier dynamics, in particular 
concern ing the glacier's possible surge behaviour during a 
period with retreat and mass losses, Although the sample 
size in this first study is too low to permit general conclu­
sions, several parameters outlined above are userul for d ir­
ferentiat ing glacier types: 

O n Eri kbreen the change pattern of relief parameters 
(low slope change, fl at gradient of elevation change, pre­
servation of local relief) is in terpreted to show that the 
glacier has maintained high mass flu xes du ring the mea­
surement periods, preventing an increase of the accumu­
lation area elevation. Negative altitude skewness values 
indicate that Erikbreen maintained high accumulation, 
which, however, is d rai ned. Erikbreen therefore shows 
no clear sign of a surge build-up at present. 

Finsterwalderbreen shows an opposite pattern to Erik­
breen, with a general steepening of the surface and steep 
g radi ents of elevation change, indica ting lowe r mass 
fluxes. Together with the elevation increase of the accu­
mulation area, Finsterwalderbreen shows clear signs of 
building up to a surge. 
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Fig. 4. Local correlation of plan curvature in a 20 year period. Erikbreen showed markedly lower changes in the ablation area than 
either Finsterwalderbreen or Austre Br@ggerbreen. 

The glaciers on Bmggcrhalvoya showed a more compar­
able parameter pattern than Finsterwalderbreen con­
cerning the altitude distributions and a lti t ude change. 
Vestre Lovenbreen steep ened over the whole surface 
a rea, while Vestre Broggerbreen stccpcned only in some 
areas. Howeve r, on non c of th ese glaci er s was thc 
increase in accumulation area elevation necessary for a 

surge build-up measured . 

Parameters clearly distinguishing the three types of 
glaciers are altitude median and skewness (Fig. 2a). Erik­
breen and Finsterwalderbreen differ in altitude skewness, 
while altitude median is of the same order. Finsterwalder­
breen and the glaciers on Broggerhalv0ya differ only in alti­

tude median. These glaciers seem to have surged (cr. Liest01, 
1988) at the turn of the 19th century, when the equilibrium­
line altitude (ELA) was much lower. The present, increased 
ELA prevents them from surging. 

4. CONCLUDING COMMENTS 

The geomorphometric analysis reflects the difTerent 
dynamics of the glaciers investigated in Spitsbergen. The 
method was tested on only a small number of glaciers, 
preventing general conclusions, but it is a suitable way of ob­
taining first impressions of changes in glaciers over time and 
in their dynamics based on aerial photography. The DEMs 
open the way to investigations of changes in surface form 
rather than just elevation changes, and the changes can be 
localized. The information obtained can be used to deter­
mine an earlier dynamical state of a glacier or as a first in­

dication of glaciological characteristics of non-monitored 
glaciers. The parameterization of many glacier surfaces 
based on the techniques outlined opens the way to regional 
analysis of the distribution of difTerent glacier types and 
their changes in time, based on single altitude statistics or 
indexes. Such an approach was introduced by Haeberli and 
Hoelzle (1995), who used a simple parameterization scheme 
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for unmeasured glaciers to simulate potential climate­
change effects on mountain glaciers. 

The limiting factor consists in the availability of high­
quality DEMs. If DE Ms have to be constructed for the pur­
pose of carrying out a geomorphometric analysis, including 
surveying of tie-points, etc., the effort and the results may 
not justify the costs, except for controlling mass-balance 
measurements. However, digital photogrammetry as an 

automatic tool is developing fast , and already a llows cost­
efficient DEM generation. Furthermore, national mapping 
agencies offer their topographic maps digitally, widening 
the availability of DE M s. 
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