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Summary: Monitoring glaciers has recently gained
more attention, as efforts to better model climate
changes are intensifying worldwide. This paper
presents a feasibility study on the implementation
and performance assessment of digital terrain mod-
els (DTMs), derived from Advanced Spaceborne
Thermal Emission and Reflection Radiometer (AS-
TER) optical imagery, in order to determine the al-
timetric and volumetric changes on Las Vacas and
Horcones Superior glaciers, located at 32° 41’ S and
69° 57° W in the Mt. Aconcagua area, Mendoza,
Argentina. The DTMs were created from ASTER
images from 2001 and 2008 in a standard satellite
digital photogrammetry environment. To assess the
absolute vertical accuracy of the DTMs, GPS data
was used, and the results indicated a 24 + 10 m
RMSE?z, in topographically complex scenarios and
with slopes greater than 30°. To obtain a robust
matching as well as to minimize the residuals be-
tween DTMs, a 3D conformal transformation was
applied to co-register them. To calculate the differ-
ences between DTMs, the approach of computing
the differences along surface normal vectors was
proposed. Next, the changes happened to the gla-
ciers were identified, resulting in —3.15 m/a and
—0.92 m/a for Las Vacas and the Horcones Superi-
or, respectively. Finally, the results were tested us-
ing the 3D control deformation in order to deter-
mine the degree of uncertainty in the estimation of
changes in the thickness and volume of glaciers.

Zusammenfassung: Untersuchung zur Eignung
von Héhenmodellen aus ASTER-Daten fiir glazio-
logische Untersuchungen in den Zentralanden am
Aconcagua, Argentinien. Das Gletschermonitoring
hat an Bedeutung gewonnen, weil weltweit die Be-
mithungen um eine bessere Modellierung der Kli-
maverdnderung gestiegen sind. Dieser Artikel stellt
eine Machbarkeitsstudie zur Nutzung von ASTER-
Daten (Advanced Spaceborne Thermal Emission
and Reflection Radiometer) zur Bestimmung von
Hohen und Volumenverdnderungen am Beispiel
der Gletscher Las Vacas und Horcones Superior vor
(32° 41’ S, 69° 57° W, Aconcaguamassiv). Als Da-
tengrundlage dienten zwei ASTER-Szenen von
2001 und 2008. Mit den GPS-bestimmten Boden-
punkten wurde eine Hohengenauigkeit (RMSEz)
von 24 + 10 m in topographisch stark bewegtem
Geldnde mit bis zu 30° Hangneigung nachgewie-
sen. Die beiden Hohenmodelle wurden mit einer
3D-Helmerttransformation zusammengefiihrt, um
dann die Unterschiede entlang der Oberflichennor-
malen zu bestimmen. Daraus ergab sich ein Abtrag
von —3.15 m/a beim Las Vacas und —0.92 m/a beim
Horcones Superior Gletscher. AbschlieBend wurde
die Genauigkeit der Bestimmung an Kontrollpunk-
ten verifiziert.

1 Introduction

Glaciers play a significant role in controlling
downstream water supply in arid or semiar-
id regions, where precipitation is minimal.
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Therefore, it is crucial to understand the tem-
poral and spatial behaviour and volume chang-
es of glaciers in those regions. During the late
20" and early 21* centuries, glaciers have suf-
fered a global recession. This sustained de-
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cline of ice covered areas is one of the most re-
liable indicators of global warming (HAEBERLI
2005, IPCC 2007). A parallel trend is that the
demand for fresh water has increased sharp-
ly in recent decades. Therefore, research on
analysing and quantifying changes in glacier
processes has become an important subject,
since knowledge of the evolution of glaciers
is essential to make future decisions regarding
their conservation and/or protection.

Considering that glaciers are usually locat-
ed in difficult to access areas with complex
topography and extreme weather conditions,
their monitoring from the ground is a rather
complex task. Consequently, remote sensing
represents an attractive approach to map gla-
ciers.

To monitor glacier volume changes, digi-
tal terrain models (DTMs) represent the ide-
al data, as from DTMs, acquired at different
epochs, both deformation and movements can
be detected (BarRrRAND el al. 2009). Nowadays,
DTMs are one of the most common prod-
ucts in mapping practice and come in a broad
range of spatial resolution and accuracy. His-
torically, stereo image based surface extrac-
tion by photogrammetry used to be the pri-
mary source to create digital terrain models
(DTMs) until active sensors, such as light de-
tection and ranging (lidar) and synthetic ap-
erture radar interferometry (InSAR) technolo-
gies, were introduced. Presently, lidar technol-
ogy provides a powerful tool for high-density
and high-accuracy three-dimensional terrain
point data acquisition, and one of the advan-
tages is the direct availability of three-dimen-
sional coordinates of points in object space
(SHAN & TotH 2008). As an active remote
sensing technology, airborne lidar data are
practically free of shadows, a major advantage
compared to photogrammetric methods where
the shadows are a big problem, in particular in
areas of complex topography or in glacier ar-
eas. Lidar from airborne platforms could pro-
vide the most accurate elevation information
for glacier surfaces, but its cost is high, and,
in fact, prohibitive in many earth science ap-
plications. InSAR is a powerful technique to
monitor land surface changes from space and
air with good quality. The limiting factors in
mountainous terrain are occlusions, the dif-
ficulty of decorrelation, and the SAR image

geometry. Restrictions to the spatial coverage
arise from decorrelating snow-covered areas,
such as glaciers over forested areas, and shad-
owing caused by the very rugged topography
(FRANCESCHETTI & LaNaRrI 1999). Photogram-
metry generally falls behind in terms of per-
formance, but is much more affordable from
both airborne and satellite platforms. Anoth-
er important issue is that InSAR and photo-
grammetry are dependent on ground control,
but lidar without GCPs is not more exact than
photogrammetry. Despite of the recent domi-
nance of active sensors, optical image-based
DTM extraction by photogrammetry has seen
significant improvements recently, and pro-
vides a less accurate yet very inexpensive al-
ternative to lidar and SAR techniques.

The objective of this study is to investi-
gate the feasibility of using DTMs derived
from ASTER imagery to estimate glacier
changes in the complex topographic are-
as of the Mt Aconcagua. The use of satel-
lite image-based digital photogrammetric
method represents the first implementation
and use of DTMs in that region. While AS-
TER imagery is very inexpensive, its use
presents a challenge due to its coarse reso-
lution and modest georeferencing accuracy.
The ASTER product level 1A has the sterco
pairs 3N and 3B that permit the generation of
topographic mapping products, such as digital
elevation models (DEMs), digital terrain mod-
els (DTMs) and orthophotos (Iwasaki & Fu-
Jisapa 2005). Stereo ASTER imagery has been
frequently used to monitor glaciers, since it is
available at low cost with worldwide coverage
(EtzELMULLER & SuLEBAK 2000, VIGNON et al.
2003, R1vEra 2004, MILLER et al. 2009, BoLcH
etal. 2011).

To get a better understanding of the behav-
iour and the accuracy of DTMs of different
types of relief, it is relevant to make an assess-
ment. DTM errors vary with relief types and
elevation. Typical accuracies above 2000 m
above sea level (ASL) range between + 15 to
30 m at the 68 % confidence level, while for
the worst case, at 5000 m ASL, the error could
reach £+60 m at the 68% confidence level
(KAAB et al. 2002, RacoviTEaNu et al. 2007,
ScuNEIDER et al. 2008). KAAB et al. (2002)
showed that the errors increase with the com-
plexity in the topography, and the best eleva-
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tion accuracy found for a scenario with mod-
erate topography was = 18 m. LaNG & WELCH
(1999), Hirano et al. (2002), TouTiN (2008),
and others found that RMSEz values gener-
ally fall between 10 m and 50 m. In the Mt.
Everest region, Pieczonka et al. (2011) found
data that defies the overall trend, where RM-
SEz values are 45 m below 5000 m ASL and
37 m above 6000 m ASL. This may be due to
the difficulty of validating the elevation data
at higher altitudes. Their study also confirmed
that for slopes steeper than 50°, the error could
be more than + 105 m.

This investigation is focused on accuracy
estimation and assessing the capability to
monitor the evolution of glacier surfaces in
the Mt. Aconcagua region. A novel compo-
nent is that the proposed method calculates
the elevation difference along surface nor-
mal vectors, resulting in better volume dif-
ference estimation. The next two sections
describe related work and the methodology
used for the extraction of the DTMs, includ-
ing a study on the accuracy of the DTMs
using reference fields surveyed by GPS.
The computation and analysis of the dif-
ferences between DTMs, made before and
after a robust surface matching, based on
a conformal transformation, is discussed
in the fourth section. To better identify the
changes produced by the glaciers, a test for
3D control deformation is used to assess to
what extent the results correspond to noise
due to the method, including error budget of
the data and algorithmic limitations in reso-
lution, or due to the actual changes by the
ice bodies. Finally, the fifth section discusses
the results of comparing ASTER DTMs from
2001 and 2008, including the glaciological
analysis of the changes found in glaciers dur-
ing that period.

2 Related Work

DTMs are approximations of the land sur-
face that have inherent inaccuracies that
should be taken into account when are used
for comparative evaluation in order to en-
sure the maximum reliability (NutH &
KAAB 2011, PiEczonka et al. 2011).

There are a large number of studies, intro-
ducing various methods to analyse and/or min-
imize the height differences between DTMs in
areas with variable topographic complexities
to obtain more reliable results to model gla-
ciers. VIGNON et al. (2003) conducted tests in
the Rio Santa Basin, Peru, with the goal of
estimating the local displacement. They se-
lected the calibration area in a region with
no spatial changes in time, and thus, ob-
tained unbiased absolute differences in el-
evation. BERTHIER et al. (2007) works in the
Spiti/Lahaul region in the Himachal Prades,
India, and their approach is based on a cor-
rection in the glacier elevation changes be-
tween DTMs made by subtracting the bias
in the ice-free areas. RacoviTEANU et al.
(2007), working in Nevado Coropuna, Pe-
ruvian Andes, computed the vertical differ-
ences by subtracting two DTMs on a cell by
cell basis. KAAB (2008) studied the glaciers
on the Svalbard archipelago, Norway. He se-
lected ice-free areas in the vicinity of and
rock outcrops within the ice-caps as refer-
ence sites to compare two and more ASTER
DTMs. Later, contour models were derived.
The average elevation differences were ex-
pressed as a function of the elevation, e.g.,
4 m by 100 m elevation, and this represen-
tation appears to reduce the influence of
noise and errors in the mean change in the
ice thickness. MILLER et al. (2009) were also
studying the Svalbard archipelago, Norway,
and proposed an algorithm, where the verti-
cal difference between points located on the
matched and the reference surfaces is mini-
mized. NutH & KAAB (2010) focused on re-
gions with characteristics of alpine glaciers.
Nuth & KAAB (2011) relate the height differ-
ences to the slope and the aspect.

3 Study Area

The study area is located within the Parque
Provincial Aconcagua, Mendoza, Argentina,
a protected nature reserve, located around 32°
41’ S and 69° 57° W (Fig. 1). The character-
istics of the relief in the study area are topo-
graphically complex with an elevation ranging
from 3200 m to 6969 m ASL. The annual pre-
cipitation rate for the area at 4000 m ASL is
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above 600 mm (MiNETTI & CorTE 1984). The
mean annual air temperature at Cristo Re-
dentor (32° 50° S, 70° 05” W) at 3832 m ASL
during the period of 1961-1980 was —1.6 °C
(EstaDisTicAS METEOROLOGICAS 1986, TrOM-
BOTTO 1991). The Las Vacas glacier is located
to the north of Mt. Aconcagua and has an area
of 19.4 km? (February 2007). Its orientation
is towards the east with an altitudinal range
between 3700 m and 5500 m ASL. This is a
typical cirque calving glacier with three arms
coming together downstream in a big Seracs
cascade up to the front. The Horcones Supe-
rior glacier is located at the west foot of Mt.
Aconcagua where Plaza de Mulas camp is at
4370 m ASL. The orientation is southeast with
an area of 5.6 km? in February 2007, and its
maximum altitude is 5400 m ASL. Fig. 1 also
shows the slope map of the study area with the
maximum value of 48° in the south wall of Mt.
Aconcagua; also, the elevation histograms of
both glaciers are shown.

4 Data and Methods

41 Data Sources

Images: To support this study, two ASTER
scenes were selected. The characteristics of
level 1A stereo pairs (3N and 3B) are listed
in Tab. 1. The images from the TERRA Ad-
vanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER) sensor have
a geometric resolution ranging from 15 m to
90 m depending on the bands with an area
coverage of 60 x 60 km2. The ASTER sen-
sors were designed to produce detailed maps
of the temperature, reflectance, elevation and
emissivity of the earth surface. The three AS-
TER telescopes VNIR (visible and near-infra-
red), SWIR (short wavelength infrared), and
TIR (thermal infrared region) can be oriented
in the cross track direction, rotating the cam-
era in the =24° range. Therefore, ASTER has
the ability to generate stereoscopic images
through two telescopes, a nadir-looking (3N)

32° 45's

Fig. 1: Map of the study area: upper left: slope map of the study area; lower left: elevation histo-
gram of both glaciers; centre: right shaded relief of the studied terrain; upper right: the location in
Argentina; right: Horcones Superior glacier; lower right: Las Vacas glacier.
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Tab. 1: Characteristics of images used.

Satellite Sensor 1D Date Resolution
TERRA ASTER AST L1A 00301132001150259 01/13/2001 15m
TERRA ASTER AST L1A _00301012008145101 01/01/2008 15m

and a backward-looking (3B) telescope. Both
ASTER images were acquired during mid-
summer. The images show scarce snow cover
and the maximum cloud percentage of 20 %
has a limited or no affect over the glacier ar-
eas.

GNSS data: GCPs and checkpoints based
on GPS surveys were established in the field
with respect to a base station located at Hor-
cones lake using the DGPS (differential GPS)
static positioning method. This base point
is part of the geodetic network of Mendoza
province in the framework POSGAR9S (Posi-
cionamiento Geodésico Argentino) (CIMBARO
& Lauria 2007, Lauria 2009), and linked to
the Permanent Station (PS) network SIRGAS
(Sistema de Referencia Geocéntrico para las
Américas) (FortEs et al. 2006). The base sta-
tion at Horcones lake was established by us-
ing three PSs, including MZAC in the city of
Mendoza, SANT, in Santiago de Chile, and
CFAG in the province of San Juan. The receiv-
er installed at the base was a double-frequency
receiver, Trimble 5700, and the receivers used
as rovers were single-frequency Geo-Tech
models. The data processing was based on
commercial software, using fixed solutions at
the 95 % confidence level. The RMSEs (root-
mean-square error) for GCPs were: RMSEx
= 0.19 m, RMSEy = 0.22 m, and RMSEz =
0.35 m. This accuracy of the coordinates was
satisfactory for this type of investigation.

A reference profile was surveyed along the
road from the entrance to the Aconcagua Pro-
vincial Park on Lake Horcones through Hor-
cones River to camp Plaza de Mulas (Fig. 5).
This profile was used to evaluate the accu-
racy of the DTMs. The survey was done by
kinematic GPS processing (Trimble R3, sin-
gle-frequency), resulting in errors of RMSEx
= 0.37 m, RMSEy = 0.21 m, and RMSEz =
0.36 m.

4.2 Digital Terrain Model (DTM)
Extraction

Image orientation is solved by the addition
of GCPs to optimize the quality (ETzELMUL-
LER & SuLEBAK 2000). The use of GCPs is im-
portant to obtain precise georeferencing for
the stereo models, as they assure accurate el-
evation as well as planimetry in the reference
frame (WoLr & DeWitT 2000). In this study,
11 GCPs were surveyed by GPS and project-
ed into the Argentine GK2 local mapping
frame. To improve the image georeferenc-
ing, and subsequently increase the reliability
of the DTMs, additional 25 secondary GCPs
were derived from the cartographic database
of IGN (Instituto Geografico Nacional, Repu-
blica Argentina) at 1:50,000 scale. Finally, ap-
proximately 100 tie points per scene were used
to form strong stereo models. The DTMs with
a grid size of 45 m were extracted by the digi-
tal photogrammetric software Photomod 4.4
(Rozycky & WorNiewicz 2007, LiBA & JARVE
2009).

During the relative orientation, the y-paral-
lax value for the 2001 and 2008 stereo mod-
els was 1.1 and 1.2 pixels RMSE, respectively.
After performing the absolute orientation, the
residuals at GCPs for both models are shown
in Tab.2. According to ToutiN (2008), these
results range between the acceptable limits of
accuracy, given the geometric resolution of
the ASTER imagery.

From the two datasets acquired in 2001 and
2008, the first one, DTM,, was considered as
the base or reference in the subsequent anal-
ysis, i.e. the DTM, was compared to DTM,
with the objective to minimize the residual er-
rors produced by the photogrammetric trans-
formation (ViGNoN et al. 2003).

The surface of the glaciers is represented
by TIN structures (triangulated irregular net-
work). In addition to automatically created
surface points, topographic discontinuities,
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Tab.2: Residuals of GCPs in the 2001 and
2008 stereo pairs, respectively (RMSE = root-
mean-square error, STD = standard deviation).

Res X (m) Res Y (m) Res Z ()

2001  RMSE 19.0 20.1 21.8
Mean 153 14.8 18.6
STD 11.3 13.6 114
Max 39.7 46.8 40.6
2008 RMSE 13.1 12.6 23.8
Mean 10.5 9.6 20.7
STD 7.3 8.2 11.7
Max 34.6 29.1 37.8

through manually measured breaklines and
points were modelled, improving the relief
forms in areas with complex landscape (MAR-
7ZOLFF & PoESEN 2009).

4.3 DTM Differencing

The difference between DTMs was assessed
based on using a variety of topographic fea-
tures, such as rocky outcrops that are assumed
to be static in the proximity of the glaciers
under study. Based on comparing 100 points,
the RMSEz found for AH, ., was 26 m, see
Tab. 3. The Fig.2 shows the places where the
relative differences between the DTMs were
taken.

Results shown in Tab.3 may indicate that
the mathematical model needed to adequately
describe the surface differences could be quite
complex, as the definition of the shift between

rof by
~-.= TRAkY oulcrops

Tab. 3: Differences between DTM, and DTM,
respectively.

Glacier Mean AXY, . (m) Mean AZ, . (m)
Las Vacas 27.3 £15.5 15.3 £13.0
Horcones 57, g3 347 £13.2
Superior

two glacier surfaces is not a simple task. Re-
gardless of the model complexity, the ap-
proach is based on minimizing the differenc-
es between the two surfaces in a least squares
sense. Assuming that the surface shape chang-
es slower than the movement of the glacier, a
3D conformal transformation was selected to
model the surface changes. If this assump-
tion does not hold for a complete area, then
the area can be segmented to smaller sub-are-
as that should be independently processed. In
this study, a robust matching was achieved by
using a large number of outcrops as references
as well as other surface features of the glaciers
(BErTHIER et al. 2007, KAAB 2008). The 7 pa-
rameters of the 3D conformal transformation
are three rotations (o, @, ), three translations
(X, Y, Z) and a scale factor (s). Tab. 4 shows
the adjusted values for both glaciers. The re-
sults from the calculation of the parameters re-
flect the relative accuracy of ASTER models;
the rotations angles are considerably larger in
®, ¢ due to the shape of the scenes, while the
shifts in X, Y, and Z are generally in the order
of a half pixel. Note that the transformation
produced an improvement in the accuracy of
both models. Fig. 3 shows a profile of DTM,
overlaid on DTM, before and after applying
the 3D conformal transformation. Errors de-
creased between 14 % and 77 %. The location
of this profile (A) is shown in Fig. 5.

Control by Vg e &l
rocky.outcrops

Fig. 2: Location of rocky outcrops around the glaciers: a) LV (Las Vacas), b) HS (Horcones Supe-

rior).
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Tab. 4: Transformation parameters for both glaciers.

. o o o Number of
Glacier o(°) o(°) «(°) X (m) Y (m) Z (m) scale terations
Las Vacas 0.416 0.130 0.008 778 =571 2.69 0.999 4
Horcones ) s 0221 0124 ~7.08 11.69 5.66 1000 4
Superior
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4,900

4,800

Ellipsoidal height (m)

4,700

4,665

500 1000

1500 2500 m

Fig. 3: Profiles before and after applying the transformation.

Fig. 4: Profiles overlaid on the glaciers (ASTER image 2001): a) LV (Las Vacas), b) HS (Horcones

Superior).

4.4 Glacier Surface Changes
(2001-2008)

The areal changes, AA, , in the period of
2001-2008 were derived from ASTER or-
thorectified images by manually delineating
glaciers. This process was repeated several
times to determine the deviation of the man-
ual method. The surfaces were expressed per
convention as surfaces projected to the ground
reference plane.

Profiles on the glaciers were generated by
manual delineation, following the line of the
ice central flow on 3D surfaces, and the ele-

vation differences (AH,, ,) were computed
along them. Fig.4 shows the location of the
profiles over the glaciers. The elevation dif-
ferences were taken as normal differences be-
tween both surfaces. By comparing DTM,
and DTM,,, the volumetric changes (AV, )
of the glaciers were determined. The volu-
metric changes were estimated using an itera-
tive method that re-triangulates a new surface
based on points from both surfaces, and then
calculates the new surface elevations based on
the difference between the elevations of the
two surfaces.
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4.5 Testing Changes in the Glaciers

Since deformations introduced during the
generation of DTMs substantially impact the
final quality of any derived products, it is im-
portant to quantify the distortion and noise
introduced in the models, and determine the
degree of uncertainty in the estimation of
changes in ice volume (KoBLET et al. 2010). In
this study, the method of resting 3D displace-
ment vectors by confidence ellipsoids (SutTi &
Torok 1996) was implemented which basical-
ly mean applying tests to the profile changes
of the glaciers. The significance of a statistical
hypothesis test allows for deciding whether a
point movement can be considered as a phys-
ical deformation, a displacement, or random
measurement errors (noise). In this work, only
the elevation change (AH,, ) along the pro-
files was analysed using single variable-based
deformation assessment.

In this study, the noise coefficient 7 (1) was
calculated based on the test with respect to the
d, vector as threshold. Note that d, is defined

@ checkpoints
s GPS profile

s
li 5 10|

by the distance between points of the corre-
sponding 2001 and 2008 data. The vector d,
was taken at 50 m spacing along of the profiles
of both glaciers. In the study all measurements
were taken with the same weight. The vector
d, provides information about the movement
between two periods. Values that are above
the 7, thresholds imply that there have been
actual changes of the glaciers. If the d, value is
less than T, it means noise or no deformation.

|Tk| =04+ Ou ki, Q)]

Where
o,  average standard error of the profile in
o’+0o,

each epoch —L——2_

0,, 0,: average standard error of the profile in
each epoch

0, 1s a function of the measurements
weights

coefficient which is extracted from the
Fisher-Snedecor table (ForBes et al.
2011).

-32°51's

-T0" 00' w

Fig.5: GPS checkpoints (green) and profile B (red) used for the validation of the DTMs, and profile
A (black) used for evaluating the robust surface matching (ASTER image 2001).
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5 Results
5.1 DTM Accuracy Assessment

The investigated area represents an extreme
scenario, as the elevation range is between
3800 m and almost 7000 m ASL and the aver-
age height is 5000 m ASL. To assess the ab-
solute accuracy of the DTMs, the elevation
data, H, extracted from the 3D models, were
compared with seven fairly evenly distribut-
ed GPS checkpoints, independent of the GCPs
(Fig.5). The vertical accuracy between AS-
TER and GPS data was 24 + 10 m RMSEz,
and 28 + 12 m in planimetry. Furthermore, a
GPS transect from the entrance to the Parque
Provincial Aconcagua through the Horcones
River valley until the Plaza de Mulas camp
was acquired. Using that GPS profile, the
RMSEz for A(Hg,s—Hpp,,) Was 44 £ 9 m for
DTM,,, and 52 = 11 m for DTM,,. Fig. 5 shows
the distribution of GPS check points in green
colour and the profile in red colour.

5.2 Area, Volume and Mass Changes

The 2D areal variations of the glaciers during
the 2001-2008 period were as follows: the Las
Vacas and Horcones Superior glaciers dimin-
ished by 9 % and 12.4 %, respectively (Tab. 5).

The elevation changes AH through the com-
parison of the different profiles extracted from
the DTMs during the 2001-2008 period were
computed. Tab.5 shows the elevation mean

Tab.5: Mean elevation variations in glaciers
and T, values.

Noise
Glacier  coefficient 7 Profile Mean AH,, , /a
(m)
29.5 #1 0.87+14
#2 estimation failed
Las Vacas
#3 -7.1 £1.1
#4 -15 £14
28.2 #1 0.63+0.8
Horcones ) 0.16+0.06
Superior
#3 -356+1.9

values for every profile in each glacier, free of
noise, and the computed 7, threshold values.
T, coefficients in both glaciers show a varia-
tion between 28.2 m and 29.5 m, and there-
fore, values above these are considered as
changes of the glacier surface by the co-reg-
istration. Based on that, all profiles had defor-
mations except for the LV-2 on the Las Vacas
glacier.

The profiles were analysed by this test for
a change of the elevation and, as a result, on
average 31 % of the cases were due to the loss
of glacial ice. In the case of Las Vacas, based
on the LV-1, LV-3 and LV-4 profiles examined,
the glacier lost mass with an average decline
of —4.3 m/a. Only the LV-1 profile shows a
modest gain of mass. Since this profile is ori-
ented from west to east, many of its points are
in the accumulation zone. In addition, due to
the shape of the valley more precipitation is
caught than elsewhere. Hence, AH, . has
positive values, while the other points, at the
ablation zone have negative AH, .. values.
The LV-3 profile points, north-south oriented
and situated in the ablation zone of Las Vacas
glacier, give negative AH,  values. The pro-
file LV-4, north-south oriented, having a few
points in the accumulation zone, has also neg-
ative AH;, . values.

The Horcones Superior glacier (HS) is
northwest — southeast oriented. Fig.4 shows
its profile HS-1, located in the accumulation
zone. The results of profiles HS-1 and HS-2
show positive values for ice elevation change
with an average rate of 0.35 m/a, while those
of profile HS-3, located in the HS glacier ab-
lation zone, show mass loss with an elevation
change rate of —3.5 m/a.

The Las Vacas glacier shows a volume gain
of +0.062 km?*® while the Horcones Superi-
or glacier experienced a loss of —0.011 km?.
Tab. 6 shows areal and volumetric changes for
both glaciers.

Tab.6: Volumetric and areal variations in the
glaciers in 2001-2008 period.

Glacier Gain Loss AV DAY o
(km’)  (km’)  (km’)  (km?)

Las Vacas  0.20 -0.147  0.053 -1.5

Horcones 0.04 -0.055 -0.015 -0.55

Superior
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Since these results are based only on 31 %
of the profiles points, the use of independent
references is essential to estimate the perfor-
mance of the proposed approach. In this study,
we analysed a relatively short period of time,
and therefore, the author decided to extend
it to a longer lapse to confirm the behaviour
of the DTMs. Thus, a similar methodology
was used to estimate the changes in ice ele-
vation in the Piloto glacier in the 1974-2001
(AH., ) period. This glacier is located at the
end of Quebrada de Matienzo (Fig.5), in the
upstreams of the Las Cuevas River, next to the
Horcones valley. The Piloto glacier has been
monitored with direct measuring methods for
the past 30 years, thus providing a reliable an-
nual mass balance series (LErva 1982, LEIva et
al. 2007). The DTM was created from a con-
tour line model from 1974 (CLM,,), made by
the Photogrammetry Department of the Na-
tional University of San Juan through a photo-
grammetric data compilation, based on aerial
photos from 1974 (1:10000 scale, 10 m contour
interval). The elevation change in the glacier
was calculated from (CLM,,) with respect to
ASTER DTM,,, and compared with the val-
ues obtained from the Piloto glacier mass bal-
ance in the 1979-2001 period. According to
LEiva et al. (2007), the accumulated balance in
the Piloto glacier eastern tongue (PE) between
1979 and 2001 is —9.79 m of water equivalent
(water equivalent (w.e.) considers a standard
ice density of 850 kg/m?3), which yields an av-
erage rate of —0.44 m/aw.e. per year. The PE
glacier mean ice elevation change (AH., ),
calculated by the comparison of DTM, -
CLM,, gives aresult of —15.40 m, which repre-
sents — 13.09 m w.e., giving an average rate of
—0.48 m/a w.e. per year, a rather good match.

The difference between both rates of mass
loss calculations is almost negligible consider-
ing the errors of the mass balance determina-
tion by the glaciological method, and thus sup-
ports the applicability of the photogrammetric
approach.

6 Discussions and Conclusions
This study demonstrates that the generation

of DTMs from ASTER optical images in ar-
eas with high topographic complexity, such

as the Mt. Aconcagua region, is feasible and
the quality of the DTM is adequate to estimate
elevation and volumetric changes in glaciers.
The proposed method produced acceptable re-
sults in difficult to access areas, which cannot
be observed effectively and rapidly with con-
ventional methods, and thus are rarely inves-
tigated. The validation of the DTMs through
GPS checkpoints and profiles provided valua-
ble information about the accuracy of derived
products and how the slope can contribute to
deformations and errors on DTMs.

The relative errors between the DTMs were
minimized through a robust matching by a 3D
conformal transformation, using segments of
smaller sub-areas independently processed
with parameters adjusted using stable points,
such as rocky outcrop areas around the gla-
ciers. Applying the transformation to co-reg-
ister the two DTMs, the quality of the final re-
sults has improved, as shown in Fig. 3.

The glaciers showed a net ice mass loss for
the 20012008 period even though the LV-1
profile and the HS-1 and HS-2 profiles, locat-
ed at the accumulation zone of the glaciers,
gave a small ice mass gain and simultaneously
a decrease of their area. Another relevant issue
is the differences between the results at both
sites. This may be explained by the different
orientation that is west—east in the case of Las
Vacas and northwest—southeast in Horcones
Superior, and also the different size, LV has a
19.4 km? while the HS has 5.6 km2.The behav-
iour of a big glacier could be different com-
pared to the small one. Another aspect could
be the local conditions of each valley, the
bedrocks, slope, the winds in the upper zone,
drifting and accumulated snow in other are-
as. Therefore, it is important to take the non-
photogrammetric aspects in subsequent stud-
ies into account, including shape of the cirque
glacier, the winds patterns and temperatures.

Because only 31% of the profile points
passed a test for 3D deformation comparing
ASTER imagery has certain limitations. To
independently assess the performance poten-
tial of the introduced method for a longer pe-
riod of time, a comparison with the results of
mass balance on the Piloto glacier, where di-
rect measurements provided reliable mass bal-
ances, lead to good results. Future work will
further investigate the optimization of the re-
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siduals and consider the cross performance
evaluation of data obtained by different sen-
sors.

As afinal remark, it is important to note that
the geodetic balances give acceptable results
which can be adjusted and controlled from di-
rect field data. However, the photogrammetric
method has the advantage to easily cover plac-
es, even large areas with difficult access on the
ground. Also, regular studies by direct mass
balance measurements are significantly more
expensive than the here proposed approach.
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