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Abstract: This research analyses the glacier recession in the surface area of the Vodudahue river 
basin glaciers located in Chile, at Comau fjord. A multi-temporal analysis was performed by 
utilizing Landsat imagery from 1987 to 2017 at a 10-year interval. Also, climate variations regarding 
temperature and precipitation provided by San Ignacio de Huinay weather station were analyzed. 
The results show a close relation between the glacier recession in the surface area of identified 
glaciers and the climate variability in recent years. 
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1. Introduction 

Studies developed in recent years have shown that glacier recession has increased in the last 25 
years, principally affecting small glaciers [1]. The year-to-year variability of runoff from glaciers 
highly depends on ENSO (El Niño-Southern Oscillation) events, which accelerate glacier recession [1]. 

Chile possesses the biggest glacial surface in South America (around 76% of glacier mass) [2], 
which are 18,896 glaciers, according to Chile’s General Water Directorate (DGA) [3]. The area of study 
is located in the Southern Glaciological Zone [3] at Comau Fjord, Los Lagos region; it shows 
morphoclimatic temperate rainy characteristics [4], where temperate glaciers, mountain glaciers, 
cirque glaciers, and ice aprons can be found. 

2. Methods and Materials 

The methodology used analyzes in a multi-temporal way the variations of the glacier surface 
area in the Vodudahue river basin via satellite Landsat 5 TM and Landsat 8 OLI/TIRS images, with 
a 30-m pixel size, obtained through USGS (United States Geological Survey). Images were searched 
at a 10-year interval since 1987, using a date as close to the end of estival season in Chile (at the end 
of March, April, and May) to have the least amount of snow possible to identify the glacier surfaces 
easier [5], as well as the least cloudiness to have a good visibility of the surface of the area of study [6]. 

2.1. Image Correction 

Images have been carefully worked in ENVI 5.3 software, where techniques developed by 
Chander et al. (2009) [7] were used to transform the spectral information to radiance values. To 
eliminate scattering and absorption errors, caused by atmospheric suspended particles and 
molecules, the FLAASH (Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes) [8] tool 
was used, which allows for improved lightning conditions caused by factors such as cloudiness. 
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2.2. Identification of the Body of Glaciers 

To automatize the process and combine the images that are part of the area of study, the visual 
programming language tool Model Builder (available in Arcgis software) was used to create the 
geoprocessing workflow so a mosaic was obtained, which allowed for identification of glaciers based 
on band combinations to build glacier polygons for every year of study.  

To determine the level of sun exposure and analyze the surface lost by the glaciers, melting 
speed and the exposure of the same, we proceeded to use a Digital Elevation Model DEM (Digital 
Elevation Model) of the study area based on level curves, which once exported to the ArcGis 
platform, were processed using the “Create to TIN” tool (Triangulated irregular network) with which 
a three-dimensional model of the surface is obtained, and subsequently, the “TIN to Raster” tool was 
used to obtain the respective DEM. Through the DEM, a solar exposure map was generated using 
the tool “Aspect” and the exposure of each glacier was determined by observing it from each 
direction (North, Northeast, Northwest, West, East, South, Southeast, Southwest) [5]. 

2.3. Climate Variability Data Correlation 

Meteorological information was obtained from San Ignacio de Huinay, Chaitén, Esquel, Puerto 
Montt and Bariloche stations, whose information was compiled through the Climatic Explorer of the 
Climate and Resilience Center (CR2). These stations were considered due to the importance and 
proximity of the study area, given that they are within a radius of approximately 110 km2. The 
parameters obtained allowed by simple linear regressions, to project the local behavior estimating it 
in a general way. 

To calculate the accumulated precipitation during cold days the Martens principle [9] was 
applied to the adiabatic lapse rate, considering that for every 1000 m upward through the atmosphere 
temperature decreases 6 °C, establishing that when 11.4 °C or less are registered in the Huinay 
station, the basin biggest heights must show temperatures equal or less than 0 °C, thus reaching a 
freezing point. 

3. Results 

18 glaciers were identified and numbered for a better analysis (Figure 1). Regarding area 
variation of the identified and analyzed glaciers, recession was found in all cases. The Table 1 shows 
that Glacier N°2 has the lowest recession, equivalent to −0.01 km², and also the lowest mass loss, 
equivalent to 2.58% of its initial area. On the contrary, glacier N°15 is the one that showed the biggest 
recession between 1987–2017, losing 0.48 km² toward the end of the study, which means a 0.016 km² 
loss per year and 88.64% loss of its original mass. Other glaciers with a considerable recession were 
N°18, N°17, and N°11, with results of 87.69%, 53.56%, and 55.84%, respectively. 

In relation to the climate variability analysis, Figure 2a indicates that averages of yearly 
temperatures during the period of the study fluctuate approximately between 9.8 °C and 10.8 °C 
(minimum value during 2000 and maximum during 2008). That is, a variation of 1 °C, approximately. 
The line shows a positive trend in the average annual temperature values during the study period. 
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Figure 1. Variation of the area of the glaciers (km2) compared to the beginning and end of the study 
period. Source: Compiled by author. 

Regarding precipitation, Figure 2b indicates that yearly precipitation averages during the period 
of the study fluctuate approximately between 4100–4200 mm (minimum value during 2007 and 
maximum during 2009). That is, a variation of 2500–2600 mm, approximately. The line shows a 
negative trend in the average annual values of rainfall during the study period. 

  
(a) (b) 

Figure 2. Temperature variability analysis during the years of the study. (a) Temperature (°C) 
averages by year. (b) Precipitation (mm) averages by year. Source: Compiled by author. 

Additionally, in the course of the interval periods of the study there is a constant precipitation 
accumulation (possibly in a solid state) during cold days. The minimum value of precipitation 
registered was approximately 800 mm in 1987, while the maximum was approximately 1000 mm in 
1998. 
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Table 1. Summary of percentage (%) variation of glaciers. 

Glacier Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
Area Variation 

(km²) −0.28 −0.01 −0.26 −0.72 −0.12 −0.05 −0.22 −1.18 −0.12 −0.87 −0.18 0.13 −0.09 −0.18 −0.48 −0.07 −0.28 −0.32 

% Variation −36.56 −2.58 −23.63 −49.98 −31.79 −13.11 −40.58 −39.99 −26.2 −50.48 −55.84 90.78 −15.49 −32.71 −88.64 −29.23 −53.56 −87.69 

Source: Compiled by author. 
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4. Conclusions 

Thanks to the methodologies used to establish the variations, applying different corrections to 
the satellite images, it was possible to determine the areal surface of the glaciers of the Vodudahüe 
river basin, with a backward movement in the last 30 years. 

18 glaciers were identified, every one of them showing a significant recession. By looking at 
their area variation rates it can be established that a general trend towards a constant increase of 
recession exists through time. Glacier Vodudahue N°14 (0.060 km²/year) being the one showing the 
maximum variation rate and glacier Vodudahue N°2 showing the minimum, according to the surface 
loss data (−0.01 km²). 

The climatic characteristics of the area of study, in terms of temperature and precipitation 
variations, demonstrate a general trend of temperature rising, with an average increase of 0.3 °C by 
decade since 1987. Precipitation decline in cold days is also associated to temperature rising, as well 
as ENSO event frequency, which is related to an excessive precipitation rising. These climatic 
variability conditions contribute to the acceleration of the glacier recession in Vodudahue river basin. 
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