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ABSTRACT. The majority of glaciers in central Chile have receded in recent decades, from >50m to
only a few meters per year, mainly in response to an increase in the 0°C isotherm altitude. The
Aconcagua river basin (33°S) is one of the major glaciated basins in central Chile, with 121 km?” of ice in
2003. An earlier inventory using 1955 aerial photographs yielded a total surface area of 151km?,
implying a reduction in glacier area of 20% (0.63km>a™") over the 48 years. Photographic stereo
models, high-resolution satellite images (Landsat, ASTER) and SRTM data have been used to delineate
glacier basins. A focus on Glaciar Juncal Norte, one of the largest glaciers in the basin, allows a more
detailed analysis of changes. The glacier has exhibited a smaller reduction (14%) between 1955 and
2006, and the resulting elevation changes over this smaller period are not significant. The above
reduction rates are lower than in other glaciers of central Chile and Argentina. This trend emphasizes
water runoff availability in a river where most of the water in the dry summers is generated by glaciers
and snowpack, and where most of the superficial water rights are already allocated. Ongoing

hydrological research including modelling of future water runoff will improve our understanding.

INTRODUCTION

The central part of Chile (32-36°S) is characterized by a
Mediterranean climate, with mild wet winters and dry
summers. The summers are semi-permanently affected by
the blocking of a high-pressure cell over the southeast
Pacific Ocean, while during the winter (mainly concen-
trated between May and September) the westerlies can
reach this region and generate frontal and orographic
precipitation (Ritllant and Fuenzalida, 1991). The precipi-
tation at high altitudes (above 2500ma.s.l.) fluctuates
between <500 mm in the northern semi-arid part, to up to
2500mma" at 36°S. The 0°C isotherm altitude decreases
in the same latitudinal range, from about 4000 ma.s.|. at
32°S to <3000 ma.s.l. at 36°S (Carrasco and others, 2005).
This allows the presence of an important glacier area in the
mountains of this region (Rivera and others, 2000). The
variations of the snowline since 1975 showed a mid-
tropospheric warming with an elevation increase of the 0°C
isotherm of 122 +8m in winter, and 200+ 6 m in summer
(Carrasco and others, 2005). During the same period, the
occurrence of several El Nifno—Southern Oscillation (ENSO)
events has directly affected water runoff (Waylen and
Caviedes, 1990) and the glacier mass balances. This has
been systematically observed at Glaciar Echaurren Norte
(33°35’S), where positive mass-balance years are measured
during El Nifio years, while negative mass balances have
been observed during La Nifia events (Escobar and others,
1995). As a result of these changes, glaciers have been
recognized as key factors contributing to late-summer runoff
in many of the main river basins, especially during summers
of years with severe drought (like 1968) when up to 67% of
the water flow was generated by glacier meltwater (Pefia
and Nazarala, 1987). More recent studies have recognized
the role of snowmelt as a key factor in explaining runoff
variability from this part of the country (Masiokas and
others, 2006). Considering the changes in precipitation that
have taken place in this region (a general decrease up to
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1976, followed by a slight increase afterwards, north of
34°S), the water resources of central Chile have been
under pressure during recent decades. This is due to high
competition for water allocation as a result of rapid
economic growth (Rosegrant and others, 2000). Also, the
availability of these resources has been stressed by higher
interannual variability of the weather system (mainly
associated with ENSO events) and reduction of the glacier
areas (Rivera and others, 2006).

Despite being near Santiago, the most populated area of
Chile, this glaciological region has been poorly studied.
Apart from the pioneering work of Lliboutry (1956), only a
few studies have taken place on the Chilean side of the
Andes. These include glacier inventories which estimate
a total glacier area of >1000km?” (Marangunic, 1979;
Valdivia, 1984; ]. Caviedes, unpublished information;
C. Noveroy, unpublished information). These inventories
are based upon old aerial photographs and sometimes
inaccurate maps. Other glaciological studies carried out in
this region include energy-balance (Corripio and Purves,
2005) and ice-thickness (Rivera and others, 2001) measure-
ments, rock glacier studies (Brenning, 2005) and, for the first
time in the Chilean Andes, extraction of a 5.5 m long firn/ice
core drilled from the summit (5300ma.s.l.) of Cerro El
Plomo (Bolius and others, 2006).

METHODOLOGY
Data

Remotely sensed data used in this study are shown in
Table 1, including photogrammetrically derived regular
cartography produced by Instituto Geografico Militar
(IGM) based upon the 1955 Hycon aerial survey. The
topographic map covers the whole basin area (Fig. 1) at a
1:50000 nominal scale and a contour interval of 50m. In
terms of the American Society for Photogrammetry and
Remote Sensing, this is Classified | regular cartography,
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Fig. 1. Location map of the Aconcagua river basin, central Chile, showing river tributaries and most populated cities. The spatial referencing
is based on IGM regular cartography. The hill-shade representation of the basin was based on recent and more precise surface topography

data (SRTM). Upper glaciated basin is in red.

which has an error estimated at one-third of the contour-line
interval according to Falkner (1995), i.e. 177m. In 1997,
Servicio Aerofotogramétrico de Chile updated this former
aerial survey at 1:50000 nominal scale based upon the
Geotec photographs.

Several high-resolution, cloud-free satellite images have
been used for mapping glacier extent in the basin, including
Landsat Thematic Mapper (TM) and Enhanced TM Plus
(ETM+), and more recently Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER) visible im-
agery. All images have been georeferenced to the available
Instituto Geogréfico Militar (IGM) cartography and ortho-
rectified using Shuttle Radar Topography Mission (SRTM)
data, following procedures described by, among others,
Kaab and others (2003).

Table 1. Remotely sensed data used in this study

Sensor/survey Acquisition date  Nominal scale/  Source’
spatial resolution

Hycon photographs 1955 1:50000 IGM
Landsat TM 17 Mar. 1989 28.5m GLCF
Geotec 1997 1:50000 SAF
Landsat ETM+ 26 Dec.1999 28.5m GLCF
SRT™M 10 Feb. 2000 90m JPL/NASA
ASTER 24 Mar. 2003 15m GLIMS
ASTER 5 Feb. 2006 15m GLIMS

“IGM: Instituto Geografico Militar, Chile; GLCF: Global Land Cover Facility;
SAF: Servicio Aerofotogramétrico, Chile; JPL: Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, CA, USA; GLIMS: Global Land
Ice Measurements from Space.
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Interpretation of satellite imagery

Once the satellite images were georeferenced and ortho-
rectified, a classification procedure was applied to account
for the glacier extent and snow/ice/debris identification.
A histogram analysis of the Landsat TM and ETM+ images
was performed, after which segmentation of the ratio of
Landsat bands 4 and 5 was used to obtain the best possible
glacier classification (Paul and others, 2002). A similar
method was applied to ASTER data, using bands 3N and 4.
The determination of the variation of glacier fronts was
achieved through both stereoscopic analyses of vertical
aerial photographs and analyses of satellite imagery. The
information obtained from aerial photographs was trans-
ferred with a Zoom Transfer Scope (ZTS) to the regular
cartography, with ice fronts being digitally compared to the
satellite images. All glacier limits were analyzed using
commercial Geographical Information System (GIS) soft-
ware, such as IDRISI 32 for Windows, ArcInfo version 8.0.1
and PCl Geomatica, which allowed for an accurate esti-
mation of area and frontal changes. An ASTER mosaic was
generated from two consecutive scenes acquired on the same
date in 2003 (Table 1) which covered the whole basin (Fig. 2).
This allowed updating of the complete glacier inventory of
the basin.

Analysis of ice elevation data

1955 IGM topography and 2000 SRTM data have been
compared in order to compute the elevation changes at the
lower surface of Glaciar Juncal Norte (last 1000 m), which
terminates in a long and narrow, partially debris-covered ice
tongue. A Boolean mask and 90 m spatial resolution were
selected to account for changes using GIS software.


https://doi.org/10.3189/172756408784700572

Bown and others: Glacier variations at the Aconcagua basin

Apart from these results, other surface data derive from
field campaigns since 1999 as part of a glaciology seminar
school at the University of Chile. In February 2003 (mid-
ablation season), H. Lange and others (unpublished infor-
mation) reported the use of geodetic-quality GPS receivers
(Trimble Pathfinder) to profile the surface topography of the
lower section of the glacier and estimate ice elevation
changes. Data acquisition was carried out on a ‘stop-and-go’
kinematic GPS traverse over the surface, recording several
static points and a kinematic route at a constant repetition
rate with vertical accuracies on the order of 5m.

RESULTS

Glacier inventory

The calculated glaciated area of Aconcagua for 2003 is
121.2km?, distributed across a total of 159 glaciers
(Table 2). The Andean range reaches elevations higher than
6100 ma.s.l. at this latitude, with glaciers extending from
these highest points down to a minimum of ~3000ma.s.1.,
within five main river sub-basins: Rocin, Colorado, Riecillos,
Juncal and Blanco.

The number of glaciers and ice areas per sub-basin have
been organized by rank sizes (Table 2) according to the
standard classification of the World Glacier Inventory in
Ziirich, Switzerland (Miiller and others, 1977). The smallest
rank, between 0.1 and 0.99 km?, is the most frequent.

One of the most important glaciers in this Andean basin is
Glaciar Juncal Norte (Fig. 2; 7.6km?), which descends
northward from ‘Nevado del Juncal’. A number of studies
have been carried out there in recent decades, partly thanks
to the accessibility of its ablation area and logistics support
provided by the Chilean Army. Measurements include recent
variations of the glacier (frontal, areal), ice velocities and the
surface energy balances (Rivera and others, 2000; Pellic-
ciotti and others, 2007).

Further south is Glaciar del Rio Blanco, the only glacier
classified in rank 4. This glacier is in a compound basin
formed by several accumulation zones and a common
debris-covered ablation area draining to Rio Blanco (Fig. 2),
and has a total surface area of 24.3 km?. Despite this, there is
a noticeable lack of glaciers in rank 4 in the previous
inventory by Valdivia (1984), even though this older
inventory is reported to be superior in terms of net surface
area and number of glaciers. The glaciers forming Glaciar del
Rio Blanco are mostly smaller than 10 km?, so we hypothe-
size that they were accounted separately and classified under
rank 3 by Valdivia (1984). This could be explained partly by
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Fig. 2. Ice inventory map for upper Aconcagua basin based on
ASTER scenes acquired on 24 March 2003. Sub-basin areas are
delineated in red, and river streams in sky-blue. Main glacier areas
are located at the Juncal and Rio Blanco sub-basins. Glaciar Juncal
Norte is circled in red.

stereo matching problems during the photogrammetrical
restitution when these glaciers were mapped.

In relation to the aspect of glaciers, they are exposed
predominantly to the south-southwestern flank of the valleys

Table 2. Number of glaciers and areas (km?) distributed by size rank within the Aconcagua sub-basins

Sub-basin Rank 1 (0.01-0.09) Rank 2 (0.10-0.99) Rank 3 (1.00-9.99) Rank 4 (>10.00)
Number Area Number Area Number Area Number Area
Rio Rocin - - 8 3.0 1 1.1 - -
Rio Colorado 3 0.2 7 3.5 3 5.2 - -
Rio Riecillos - - 10 4.1 4 5.4 -
Rio Juncal 14 0.8 49 19.6 8 27.0 - -
Rio Blanco 7 0.4 38 13.0 6 13.6 1 24.3
Total 24 1.4 112 43.2 22 52.3 1 24.3
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Table 3. Glacier areas (km?) according to types of ice
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Table 4. Frontal and areal changes at Glaciar Juncal Norte

Sub-basin Number of Bare-ice area Debris- Total area
glaciers covered area
Rio Rocin 9 1.7 2.4 4.1
Rio Colorado 13 3.1 5.9 9.0
Rio Riecillos 14 2.3 7.3 9.6
Rio Juncal 71 35.4 12.0 47 .4
Rio Blanco 52 38.5 12.8 51.3
Total 159 81.0 40.4 121.2

(nearly 50% of all inventoried glaciers), so they receive large
amounts of oceanic moisture and westerly winds. This is the
major source for solid precipitation in the accumulation
zones along central Chile (Escobar and Aceituno, 1998). The
percentage of glaciers exposed to the south, however, is less
in other areas such as the Juncal sub-basin, where there are
several larger glaciers (~40% of the basin ice surface) with
northern aspects and drier conditions prevail. Another
spatial feature is the distribution of debris-covered areas
along the basin; roughly the northern half is characterized by
smaller glaciers which are mostly (in Rio Riecillos, 76% of
the total) ice-covered, whereas the southern half consists of
more debris-covered glaciers (Table 3).

Glacier variations

By comparing the most recent inventory with the previous
study conducted by Valdivia (1984), we find a total glacier
area reduction between 1955 and 2003 of 30 km?, equiva-
lent to an annual rate of change of 0.6 km?a™". In absolute
terms, this reduction is explained by the decrease of larger
surfaces; glaciers ranked 2 (Table 2) have lost 18.3 km?, and
when those ranked 3 and 4 are compared to glaciers of
rank 3 as provided by Valdivia (1984), they have collectively
reduced in area by 9.4km”. However, the smaller glaciers
have been proportionally more affected because they have
experienced an area reduction of >60%, and a reduction in
their number from 55 to 24. This means a disappearance of
66% of the original smaller glaciers.

Glaciar Juncal Norte is the glacier with the longest
documentary record and field data in the Aconcagua river
basin, having been first described in 1942 by O. Pfenniger in
Lliboutry (1956). Subsequently, several hydroclimate and
glaciological studies have been carried out there (Rivera and
others, 2000, 2002; Pellicciotti and others, in press). This
glacier has suffered a constant retreat at low rates of 4—
23ma' (Table 4). The retreat has mainly affected the
partially debris-covered front and surroundings of the 2 km
long, 500m wide and 186m thick lower tongue of the
glacier (Rivera and others, 2001). The total glacier area loss
between 1955 and 2006 is 1.5 km? (Table 4). This is much
more than the previous estimation by Rivera and others
(2002). One explanation could be that the latest calculation
considers the changes taking place all around the glacier,
i.e. it includes the upper accumulation area where the
glacier is also shrinking (Fig. 3). Frontal variations in recent
decades are small in comparison with other retreating
glaciers in northern and central Chile (e.g. the observed
changes at Glaciar Juncal Sur, with frontal retreats higher
than 50ma" in a similar period of time (Rivera and others,
2000, 2002)). This smaller retreat rate could also be related
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Period Frontal change  Frontal change rate  Area change
m ma™' km?
1955-89 -120 -4 -0.08
1989-97 -185 -23 -1.00
1997-99 -40 =20 -0.03
1999-2006 -119 -17 -0.35
1955-2006 -464 -9.1 -1.46

to topographic constraints at Juncal Norte, where the
position of the glacier snout at the bottom of a deep valley
surrounded by high mountains is continuously shadowing
the ice.

Ice-elevation changes at the lower part of the glacier were
computed by subtraction between SRTM 2000 and the IGM
cartographically derived digital elevation model (1955). The
signal remains well below the noise ratio, which comprises
the combined root mean square (rms) of the IGM map (17 m)
and the SRTM data (12 m). Therefore, no significant trend
can be detected by comparing the two datasets. However,
the GPS profile reported in H. Lange and others (unpub-
lished information), i.e. the ice surface between 2925 and
3096 ma.s.l. (1000m long traverse), as compared to IGM
cartography, accounted for an annual thinning rate of 0.58 +
0.37ma" during the 48year period. At higher altitudes,
there are GPS data accounting for further negative elevation
changes; nevertheless they remain well below the rms error
(H. Lange and others, unpublished information).

DISCUSSION

Aconcagua is one of the main glaciated basins in central
Chile (Rivera and others, 2000). Other important glaciated
basins in this region are Maipo (33°S), Cachapoal (34°S)
and Tinguririca (35°9), although no updating of the old ice
inventories has been carried out yet for the rivers south of
Aconcagua. Taking into account the information available to
date, this basin represents 14% of the total ice area between
32° and 35°S. If the 20% area loss experienced by the
Aconcagua river during the past five decades (1955-2006) is
applied over a similar period of time to the other basins of
central Chile, the regional total loss may be >200 km? of ice.
Within Chile, this large retreat is only comparable to what
has been experienced by the icefields south of 53°S (Porter
and Santana, 2003; Mdéller and others, 2007; Schneider and
others, 2007), or in other parts of South America, by Andean
tropical glaciers (Pouyaud and others, 2005). Even in
Patagonia, the changes are proportionally much smaller,
with area reductions of 3—4% in Hielo Patagénico Norte and
Sur (northern and southern Patagonia icefields) respectively
(Aniya and others, 1996; Rivera and others, 2007).

The glaciers in the Aconcagua basin seem to be
responding to climate change detected in the meteoro-
logical network (Rosenbliith and others, 1997; Quintana,
2004). The most likely driving factor is the tropospheric
warming observed in radiosonde records, especially be-
tween 850 and 500 hPa (Carrasco and others, 2005). This
may explain the glacier frontal retreats, ice surface reduction
and thinning (Rivera and others, 2002), since the amount of
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Fig. 3. Glaciar Juncal Norte areal variations from 1955. Contour lines (in m) are based upon SRTM data.

precipitation (in the form of snow reaching the surface), or
ice melting in the ablation areas, is affected by atmospheric
changes. In addition, the occurrence of ENSO phenomena
plays an important role in controlling snowfall at this
latitude — including consequences for runoff trends — with
some negative implications for glaciers in the most extreme
La Nina years and clear and significant positive effects
during almost all recent El Nifo years (Escobar and others,
1995; Rivera and others, 2000; Masiokas and others, 2006).

Factors other than climate, such as complex valley
geometry, aspect or debris cover, may disrupt linear glacier
responses to increasing temperature or decreasing precipi-
tation. Whereas debris cover has not prevented the
disappearance of smaller glaciers, in other cases local
characteristics may have attenuated the glaciological effects
of ongoing climate change. Juncal Norte is a good example
of these local factors.

CONCLUSIONS

Glacier changes in central Chile may have a strong impact
on present and future water resources due to the increasing
competition among users as a result of the economic growth
experienced by the country in recent decades (Rosegrant
and others, 2000). The glacier contribution has been
recognized to be crucial, particularly in periods of drought
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or very dry summers, when it has been observed that up to
67% of the total runoff may originate from the melting of
glaciers (Pefia and Nazarala, 1987).

The Aconcagua river constitutes an important glaciated
basin in the boundary zone between semi-arid and temper-
ate conditions. It supports many economic activities and a
large part of the national population. Glaciers in this basin
have been shown to be responding to climate change, and in
particular to the elevation of the zero degree isotherm
(Carrasco and others, 2005), with area losses, frontal retreats
and surface ice thinning. Specific glacier responses may be
explained by local factors, but they also suggest the use of
more accurate methods other than remote sensing in order
to detect glacier variations. Geophysical field surveys and/or
aircraft-borne measurements are required. The trend to
decreasing runoff observed in the Aconcagua river (Pellic-
ciotti and others, in press) can largely be explained by a
reduced contribution of glaciers and snow.

The current trend to reduced runoff will continue in the
future if the climatic warming patterns continue, and overall
glacier mass will be further reduced. Many small glaciers
will probably disappear, contributing less water to the rivers.
In the tropical Andes, for example, small glaciers are already
disappearing (Coudrain and others, 2005) and hydrological
models are forecasting a significant decay in water storages
over the next few decades (Pouyaud and others, 2005).
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Further knowledge and research will be necessary to
improve insights into future glacier trends in this region and
implications for water resource availability.
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