
1. Introduction

Spaceborne remote-sensed imaging systems allow
to provide physical informations over the Earth surface
with low-cost, no-risk, periodical- and long-range.
Among the remote-sensed imaging systems, Landsat
satellite imaging systems have demonstrated success in
surface monitoring and change detection, because they
have been acquired for over four decades from the 1972

year until the present with a 16-day repeat cycle (Kim
and Yeom, 2012; Park et al., 2012, 2013; Cho et al.,
2013; Ganbaatar and Lee, 2013; Jee et al., 2014; Roy
et al., 2014). Moreover, the imaging systems have
provided various bands for the Earth surface observation
from the four major sensors: the Multi-Spectral Scanner
(MSS), the Thematic Mapper (TM), the Enhanced
Thematic Mapper Plus (ETM+), and the Operational
Land Imager (OLI).
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The images acquired from the MSS sensor on
Landsats 1 to 5 have four band muti-spectral images in
the green, red and near infrared (NIR) spectral regions
with the ground resolution of about 80 m. The TM
images on Landsat 5 are better than the MSS sensor in
ground resolution, spectral separation, geometric
accuracy and radiometric accuracy. The TM images
have seven multi-spectral bands in the blue, green, red,
NIR, short wave infrared (SWIR), mid infrared (MIR)
spectral regions with the ground resolution of 30 m, and
thermal infrared (TIR) with that of 120 m (Roy et al.,
2014). The ETM+ images on Landsat 7 have the same
seven multi-spectral bands as the TM images. The
panchromatic band is added with the ground resolution
of 15 m. However, the good quality ETM+ images are
only available for the period of April 1999 to May
2003, because the Scan Line Corrector (SLC)
malfunctions on May 2003. Recently, Landsat 8 was
launched on May 30, 2013 and equipped with the OLI
sensor. The spectral bands of the OLI are similar to
Landsat TM and ETM+, but it offers two new spectral
bands: a deep blue visible channel for the observation
of the coastal zone and two new infrared channels for
the detection of cirrus clouds (Roy et al., 2014).

The Landsat images have been provided for more
than 30 years from 1984 to present day from TM,
ETM+ and OLI sensors. Thus, we can monitor the
Earth surface variations with the ground resolution of
30 m and the multi-spectral bands in the visible, NIR,
SWIR and TIR spectral regions for the last 30 years.
Although the temporal resolution of the Landsat images
is much lower than that of the MODIS images, the high
spatial resolution of Landsat images allows to monitor
the Earth surface variations successfully. The
observation of snow cover changes is one of many
Landsat applications. Paul et al. (2004) analyzed the
area changes of 930 Alpine glaciers using a number of
Landsat images from 1985 to 1999. Thompson et al.
(2002) predicted that the snow cover on Mt.
Kilimanjaro might disappear before 2020 based on the

result of the snow cover area changes determined from
several Landsat TM images. Therefore, the Landsat
images have demonstrated success in monitoring the
snow-covered surface variations.

The Southern Volcanic Zone (SVZ) of Chile
consists of many volcanoes, and all of the volcanoes
are covered with snow at the top of mountain. Snow
cover area in southern province of the SVZ of Chile
(37 to 46°S) has been influenced significant frontal
retreats as well as eruptive activities. Explosive
eruptions of snow-capped volcanoes have the strongest
potential to destroy glaciers, with the most intense
activity in historical times being recorded at Mt.
Villarrica and Mt. Llaima, Chile. Frequent eruptions of
these snow-capped volcanoes during the 20th century
have resulted in rapid snow melting, snow avalanches,
superficial scouring or erosion, basal melting due to
higher geothermal heat fluxes and substantial snow loss
following eruptions (Rivera et al., 2010). And Dietz et
al. (2011) have also revealed that snow cover duration
was decreased considerably for the areas around the
volcanic vents which is most likely the result of both
volcanic ash covering the snow surface and increased
snow melt induced by the consequential higher
absorption of solar radiation in the ash-covered region,
concerning the volcanic eruptions in Iceland in 2010
(Eyjafjallajokull) and 2011 (Grimsvotn).

In this study, we have investigated the changes of
the snow-cover area and snow-line elevation at Mt.
Villarrica and Mt. Llaima, Chile from three Landsat
images acquired on Feb. 1990, 2005 and 2011.
Moreover, we have demonstrated that the snow-cover
area and snow-line elevation changes can be used as an
indicator of the volcanic activity at the mountains.

2. Study Area and data

1) Study area
Mt. Villarrica is a snow-capped open system basaltic
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volcano, which is located in Central Chile. The latitude
and longitude are respectively 39.42°S and 71.95°W,
and the elevation is 2847 m. The Villarrica volcano is
very near the town (Fig. 1). The base area of the cone
reaches 110 km2 whereas the glacier at its summit
extends for about 30 km2. It is considered a highly
active snow-capped volcano, which is 31 characterized
in historical times mainly by mild strombolian activity
(Rivera et al., 2008). It shows persistent strombolian
activity in a small lava lake situated at the bottom of
the summit crater. Historical eruptions have been
recorded since 1558 and consist of strombolian-type
eruptions with mild tomoderate explosivity
occasionally accompanied by lava effusions. (Cigolini
et al., 2013). The historic activity has been mainly
effusive with some strombolian explosions (Table 1).

At present, Mt. Villarrica volcano contains a small lava
lake inside the summit crater, subject to permanent
degassing (Lara et al., 2004).

Mt. Llaima is an snow-capped composite volcano,
which is located at the latitude of 38.41°S and the
longitude of 71,43°W. It’s elevation is about 3125 m.
And the Llaima volcano is a compound basaltic to
andesitic stratovolcano that has grown since the Late-
Pleistocene, initially dominated by effusive activity
(Fig. 1). The eruptive history of the volcano is of mainly
Strombolian and Hawaiian type, however, intermittent
sub-plinian activity poses a high-hazard potential,
including pyroclastic flows, air-falls and remobilization
of material in the form of lahars (Naranjo et al., 1991).
The historical activity consists mostly of effusive
behaviour, which is interrupted by numerous smaller
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Fig. 1.  Location of map of the Mt. Villarrica and Mt. Llaima.

Table 1.  Characteristics of the Landsat data
Date Sensor Season Air Temperature(˚C) Average Humidity(%)

1990/02/16 14:07:27 TM dry 17.1 69.2
2005/02/01 14:21:36 TM dry 16.5 65.2
2011/02/18 14:25:15 TM dry 16.4 71.5



explosions and accompanied by quiescent degassing.
Recent explosive activity in 2008 and 2009, which
forced evacuation of local population and caused
damage to property, lead the Chilean government to
support efforts of monitoring (Dzierma and Wehrmann,
2010).

2) Data
Total numbers of three Landsat-5 TM images and

Shuttle Radar Topography Mission (SRTM) data are
used for observing the changes of the snow-cover area
and snow-line elevation. Landsat-5 TM images are
used for the measurements of the snow-cover area and
the snow-line elevation of the Mt. Villarrica and Mt.
Llaima (Table 1). The SRTM DEM is used to estimate
the snow-line elevation, which covers approximately
99.97% of the Earth land surface from 56°S to 60°N
and has the spatial resolution of 1 arc second for the
USA products and 3 arc second for the global products
(Farr et al., 2013). In this study, the SRTM DEM with
the ground resolution of 90 m has been resampled into
30 m, which corresponds to the ground resolution of
the Landsat TM image. The relative geometric co-

registration has been also performed to correct the
misalignments among the Landsat TM images.
Moreover, the air temperature data has been acquired
from the website of TuTiempo.net (http://www.
tutiempo.net).

3. Methods

To estimate the change of the snow-cover area and
snow-line elevation, the required steps are divided into
three steps including: 1) atmospheric correction that is
performed on each image using the cosine
approximation (COST) atmospheric correction model,
2) the extraction of the snow-cover area that is
conducted by the normalized difference snow index
(NDSI) algorithm, 3) the determination of the snow-
line elevation that is calculated from the SRTM DEM
and the extracted snow-cover area. For this study, it is
assumed that the atmosphere effects are nearly identical
within an image. The details for this approach are
described in Fig. 2.
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Fig. 2.  Detailed work flow used in this study.



1) Atmosphere correction
In this study, the snow cover area has been extracted

from the NDSI algorithms. The amount of energy
detected by an imaging system’s detectors is influenced
by the atmosphere. This is caused by scattering,
absorption and refraction in the atmosphere. Thus,
atmospheric corrections should be applied for more
accurate estimations of the NDSI. For this correction,
the COST atmospheric correction model has been used
(Chavez, 1996). This method is one of several image-
based atmospheric correction methods and requires the
assumption that the atmosphere effects are almost
identical within each image. This model does not
require physical data of the atmosphere because the
atmospheric transmittances for all spectral bands are
approximated by the cosine function of the solar zenith
angle. The spectral reflectance of the COST model is
given by (Chavez, 1996)

                      ρ = ,                        (1)

where Lλ is spectral radiance of satellite sensor; ρ is
spectral reflectance of the surface; ESUNλ is solar
spectral irradiance on a surface perpendicular to the
sun’s ray outside of the atmosphere; d is Earth-Sun
distance term; Tθ0 is Cos(solar zenith angle) for the
COST model; Lp is solar zenith angle; is derived from
the dark-object criteria.

2) Snow-cover Area Extraction
To identify the snow cover area from the optical

imagery, it is necessary to distinguish snow from clouds
using the short wavelength infrared (SWIR) region
because both clouds and snow have similar reflectance
in the visible and near infrared (NIR) regions, whereas
the reflectance of a cloud is typically much greater than
that of snow in the SWIR region, especially at
approximately 1.6 μm (Hall et al., 1995). The difference
of the reflectance between clouds and snow at
approximately 1.6 μm, where snow absorbs but clouds

reflect, has been used to identify snow area (Riggs et
al., 1994). The NDSI algorithm provides snow
identification based on the reflectance difference of the
SWIR region. The NDSI algorithm is defined as given
by (Riggs et al., 1994):

                        NDSI = ,                         (2)

where ρ0.56μm is visible region of the spectrum; ρ1.65μm is
infrared region of the spectrum. In the Landsat TM,
ρ0.56μm is band 2 and ρ1.65μm is band 5. The snow cover
area can be extracted from the NDSI value. In this
study, it is assumed that NDSI values of more than 0.5
are snow cover area. Thus, in this study, we have
generated NDSI maps from Landsat TM images after
COST atmospheric correction has been applied to the
images, and the snow cover areas of Mt. Villarrica and
Mt. Llaima have been extracted from the NDSI maps.

3) Snow-line Elevation Determination
The change of the snow-line elevation on a tall

mountain can be strongly correlated with the land
temperature change. That is, the snow-line elevation
can increase when the land temperature increases, while
it can decrease when the land temperature decreases.
For this reason, it is possible to expect the land
temperature change from the snow-line elevation
change. In this study, we have extracted the snow-line
elevation from the SRTM DEM and the snow-cover
map that is determined from the NDSI map. The
SRTM DEM with a ground resolution of 90 m has been
resampled into 30 m, which corresponds to the ground
resolution of the Landsat TM image. The relative
geometric co-registration has been also performed to
correct the misalignment of the Landsat TM images.
The snow-line elevation has been determined using the
following steps: 1) extracting the topographic heights
from the snow cover map and the SRTM DEM, 2)
sorting the values of the topographic heights, and 3)
determining the snow-line elevation by choosing the
minimum value after excluding values of 1% from the

π(Lλ _ Lp)·d2

ESUNλ·Tθ0·cosθz

ρ0.56μm _ ρ1.65μm
ρ0.56μm + ρ1.65μm
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sorted values. The 1% values are excluded to minimize
noise effects.

4. Results

In this study, we have observed the changes of the
snow-cover area and snow-line elevation from three
Landsat TM images and SRTM DEM. The NDSI
maps are extracted from Landsat TM images after the
COST atmospheric correction has been applied to the
images. The snow-cover area is estimated from the
NDSI maps at Mt. Villarrica and Mt. Llaima (see
section 3-2) and the snow-line elevation is estimated
from the SRTM DEM and the snow-cover area (see
section 3-3).

Fig. 3 presents the NDSI maps observed from the
Landsat TM images at Mt. Villarrica and Mt. Llaima.
Fig. 3(a-c) present the NDSI maps of Mt. Villarrica
imaged on Feb. 1990, 2005 and 2011, respectively,
while Fig. 3(d-f) show the NDSI maps of Mt. Llaima

acquired on Feb. 1990, 2005 and 2011, respectively.
We can see the changes of the snow-cover area from
the NDSI maps in Fig. 3. The snow-cover area in 1990
is much smaller than that in 2005 and 2011 so that it
cannot be explained as the snow retreat by the climate
change. In addition, the temperatures in the acquisition
times of the TM images are almost same in Feb. 1990,
2005 and 2011. Thus, the change of the snow-cover
areas cannot be explained as the weather change,
neither. The arrows seen in Fig. 3(a-c) indicate the area
near the crater of Mt. Villarrica. The change of the
snow-cover area in the area near the crater may indicate
that the change results from the volcanic activity. We
can see the same thing from Fig. 3(d-f). This result
indicates that the snow-cover change is caused by the
volcanic activity rather than the weather or climate
changes.

Fig. 4 shows the determination of the snow-line
elevations in Feb. 2011 at (a) Mt. Villarrica and (b) Mt.
Llaima. It is assumed that one percent of the snow-
cover area is calculation error to estimate the snow-line
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Fig. 3.  Normalized Difference Snow Index (NDSI) maps at (a-c) Mt. Villarrica and (d-f) Mt. Llaima in Feb. 1990, 2005 and 2011,
respectively.



elevation precisely. The estimated snow-line elevations
are 1,738 m and 1,822 m at Mt. Villarrica and Mt.
Llaima, respectively, as shown in Fig. 4.

Fig. 5 shows the snow-line elevation maps observed
from the Landsat TM images at Mt. Villarrica and Mt.
Llaima. Fig. 5(a-c) show the snow-line maps of Mt.
Villarrica imaged on Feb. 1990, 2005 and 2011,
respectively, while Fig. 5(d-f) show the snow-line maps
of Mt. Llaima acquired on Feb. 1990, 2005 and 2011,

respectively. We can identify the changes of the snow-
cover area from the snow-line elevation maps in Fig.
5. The snow-line elevation in 2005 is much lower than
that in 1990 and 2011. The snow-line elevation is not
correlated with the time so that it cannot be explained
as the snow retreat by the climate change. In addition,
the change of the snow-cover areas cannot be explained
as the weather change, because the temperatures in the
image acquisition times are almost same in Feb. 1990,
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Fig. 4.  Determination of snow-line elevations in Feb. 2011 at (a) Mt. Villarrica and (b) Mt. Llaima.

Fig. 5.  Snow-line elevation maps at (a-c) Mt. Villarrica and (d-f) Mt. Llaima in Feb. 1990, 2005 and 2011, respectively.



2005 and 2011. The volcanic activity in Feb. 2005 is
relatively very low while that in Feb. 1990 is relatively
very high, because the snow-line elevation in Feb. 2005
is very low while that in Feb. 1990 is relatively very
high. Like the snow-cover change, the snow-line
elevation change is proportional to the volcanic activity
change rather than the weather or climate changes. We
can see the same thing from Fig. 5(d-f).

Fig. 5 shows Changes of (a) snow-cover area and (b)
snow-line elevation at Mt. Villarrica and Mt. Llaima in
Feb. 1990, 2005 and 2011, respectively. The snow-
cover areas are 13.42, 26.75 and 21.60 km2 at Mt.
Villarrica in 1990, 2005 and 2011, respectively, and
3.82, 25.12 and 8.89 km2 at Mt. Llaima in 1990, 2005
and 2011, respectively. The result indicates that the
snow-cover change is related with the volcanic activity
change. The snow-line elevations are 1871, 1738 and
1826 m at Mt. Villarrica in 1990, 2005 and 2011,
respectively, and 2007, 1822 and 1818 m at Mt. Llaima
in 1990, 2005 and 2011, respectively. The result
indicates that the snow-line elevation change is related
with the volcanic activity change. The results
demonstrate that the changes of the snow-cover area
and snow-line elevation are proportional to the volcanic
activity change. Furthermore, the results confirm that
the changes of the snow-cover area and snow-line

elevation can be used as an indicator of the volcanic
activity at Mt. Villarrica and Mt. Llaima, Chile.

5. Conclusion

The Landsat images can monitor the Earth surface
variations with the ground resolution of 30 m and the
multi-spectral bands in the visible, NIR, SWIR and TIR
spectral regions for the last 30 years and have
demonstrated success in monitoring the snow-covered
surface variations. The Southern Volcanic Zone (SVZ)
of Chile consists of many volcanoes, and all of the
volcanoes are covered with snow at the top of
mountain. Snow cover area in southern province of the
SVZ of Chile (37 to 46°S) has been influenced by
significant frontal retreats as well as eruptive activities.

In this study, we have investigated the changes of
the snow-cover area and snow-line elevation at Mt.
Villarrica and Mt. Llaima, Chile from three Landsat
images acquired on Feb. 1990, 2005 and 2011. The
NDSI maps are extracted from Landsat TM images
after the COST atmospheric correction has been
applied to the images. The snow-cover area is estimated
from the NDSI maps at Mt. Villarrica and Mt. Llaima
and the snow-line elevation is estimated from the
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Fig. 6.  Changes of (a) snow-cover area and (b) snow-line elevation at Mt. Villarrica and Mt. Llaima in Feb. 1990, 2005 and 2011,
respectively.



SRTM DEM and the snow-cover area. The snow-cover
areas are 13.42, 26.75 and 21.60 km2 at Mt. Villarrica
in 1990, 2005 and 2011, respectively, and 3.82, 25.12
and 8.89 km2 at Mt. Llaima in 1990, 2005 and 2011,
respectively. The snow-line elevations are 1871, 1738
and 1826 m at Mt. Villarrica in 1990, 2005 and 2011,
respectively, and 2007, 1822 and 1818 m at Mt. Llaima
in 1990, 2005 and 2011, respectively. The results
indicate 1) that the snow-cover change is related with
the volcanic activity change and 2) that the snow-line
elevation change is related with the volcanic activity
change. The results demonstrate that the snow-cover
area and snow-line elevation changes can be used as an
indicator of the volcanic activity at Mt. Villarrica and
Mt. Llaima, Chile.
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