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This research focuses on the recent variations in the annual snowline and the total
glaciated area of the Nevado Coropuna in the Cordillera Ampato, Peru. Maximum
snowline altitude towards the end of dry season is taken as a representative of the
equilibrium line altitude of the year, which is an indirect measurement of the annual
mass balance. We used Landsat and IRS LISS3 images during the last 30 years due
to its better temporal coverage of the study site. It is found that there was a decrease
of 26.92% of the glaciated area during 1986–2014. We calculated the anomalies in
precipitation and temperature in this region and also tried to correlate the changes in
glacier parameters with the combined influence of El Niño – Southern Oscillation
(ENSO) and pacific decadal oscillation (PDO). It is concluded that the snowline of
Nevado Coropuna has been fluctuated during ENSO, and maximum fluctuations
were observed when ENSO and PDO were in phase.

Keywords: snowline; outer tropics; equilibrium line altitude; Nevado Coropuna;
Cordillera Ampato

1. Introduction

Tropical glaciers in South America are observed to be shrinking since the Little Ice
Age. A significant change in the tropical Andean climate is observed during the past
few decades (Vuille et al. 2008). It is predicted that all tropical Andean glaciers at
lower latitudes will disappear soon (Veettil et al. 2014), and this glacier recession is
dependent on the climate variations. Changes in climate induces changes in atmo-
spheric humidity, precipitation and cloudiness towards which the glaciers are sensitive
(Vuille et al. 2008). The Andes is considered as the most important mountain range in
the southern hemisphere like the Alps or the Himalayas in the northern hemisphere. It
is observed that the percentage of warmer nights have been increased since the second
half of twentieth century in South America, and this warming trend is not
homogeneous in the eastern and western slopes of the Andean chain (Salzmann et al.
2009). Many people in the hyper-arid coastal lowlands and Altiplano in Bolivia and
Peru rely on glacier meltwater for their freshwater needs during the dry season and
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hence mountain glaciers can be considered as freshwater buffers in this region. Tropical
mountain glaciers are considered as indicators of climate change as they grow or shrink
with climate imbalances (Vuille et al. 2008). Tropical Andes (between 10°N and 16°S)
is one of the suitable locations to study the climate change influence on tropical gla-
ciers because these glaciers are subjected to higher daily temperature variations than
annual temperature variation. Vuille et al. (2000) proposed that the rainfall variability
towards the east of the equatorial Andes related more to the tropical Atlantic circulation
anomalies than those in the Pacific. Another point on precipitation variability in the
Andes is that the precipitation rate increases with altitude and observed particularly in
the high altitude Ecuadorian Andes (Garreaud 2009). Precipitation is one of the vari-
ables that determine the growth/mass loss of glaciers in the tropical region and it is
worthwhile to understand how the precipitation varies in this region of the Andes. It is
also noted that the precipitation near the glaciers within the Amazon basin is higher
compared to those near the Pacific (Veettil et al. 2014). The anomalies in temperature
and precipitation associated with El Niño – Southern Oscillation (ENSO) were found to
be weakening towards the Altiplano (Garreaud 2009).

The Peruvian Andes accommodates about 70% of the tropical glaciers (Vuille et al.
2008) and is the most extensive ice-covered tropical mountain range. An increase of
about 0.1 °C per decade in the air temperature is reported in the central Andes (Vuille
et al. 2008). The land cover in Peru can be divided into three geographical regions:
Pacific coast, Cordillera of the Andes and the Amazonian forest (Chevallier et al.
2011). The Peruvian climate is highly influenced by the Andean mountain chain.
Changes in the equilibrium line altitude (ELA) denote an immediate change in the mass
balance of the glacier and a continuous change in ELA can be used to estimate the cli-
mate trend in that region on an interannual scale. It is identified that the ENSO and
other global scale phenomena such as the pacific decadal oscillation (PDO) influence
the Andean climate differently along its length (Garreaud 2009; Veettil et al. 2014).
ENSO dominates in the Tropical Pacific in the southern hemisphere whereas PDO
dominates in the North Pacific. It is known for ages that El Niño years were followed
by decreased precipitation over northern South America. This is due to the inhibition
of moisture transport from the Amazon basin due to strong westerly wind during El
Niño (Vuille 2013). It is also noted that the river discharge during strong El Niño
periods were higher towards northern Peru compared to those in the south (Lavado-
Casimiro et al. 2013). Unfortunately, many of the hydrometeorological stations in Peru
are discontinuous or not existing at present. Ice core records from Peru show a direct
correlation between ENSO and glacier mass balance in the Peruvian Andes (Henderson
et al. 1999; Thompson 2000; Herreros et al. 2009). Many papers are available on the
fact that smaller glaciers in the Cordillera Blanca in Peru are disappearing recently
(Racoviteanu et al. 2008; Salzmann et al. 2009; Rabatel et al. 2013). The Quelccaya
ice cap in Peru is having one of the well-documented ice core records in the world
(Thompson 2000).

Due to the availability of SPOT and Landsat series of images, it is possible to
understand the overall decline in the glaciarized area in the Cordillera Blanca since the
early 1970s (Vuille et al. 2008). Studies based on remote sensing have predicted that
many glaciers in Peru, such as Yanamarey Glacier, would disappear within a decade
(Huh et al. 2012). In this study, we calculated the annual changes in the area and
annual snowline of a glaciated stratovolcano – Nevado Coropuna – in the Cordillera
Ampato of Peru and tried to understand how these two glacier parameters changed with
the phase changes of ENSO and PDO.
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2. Study site and climate conditions

The Nevado Coropuna (Lat: 15°24′-15°51′ S; Long: 71°51′-73°00′ W) in the central
volcanic zone (CVZ) in the Cordillera Ampato, southern Peru, is considered in this
research (Figure 1). Cordillera Ampato is consisted of 93 glaciers with an average
thickness of about 35 m and a total surface area of 146.73 km2 based on aerial pho-
tography in 1962. The Nevado Coropuna is the highest peak (6426 m asl) in the
Cordillera Ampato and the highest stratovolcano in Peru (Racoviteanu et al. 2007).
Many people in the northern–western part of Arequipa city depend on the glacier
melt water supply from Nevado Coropuna. Recent glacier shrinkage in the
Cordilleras of Peruvian Andes is reported to be started in the second half of 1980s
(Salzmann et al. 2012). Racoviteanu et al. (2007) found that the size of the Corop-
una was decreasing from 82.6 km2 in 1962 to 60.8 km2 in 2000. Mass balance of
glaciers in this region depends highly on the variations in precipitation (Wagnon
et al. 1999).

Precipitation in the Coropuna region depends mainly on the easterly circulation of
air masses from the tropical Atlantic Ocean (Herreros et al. 2009). However, the Pacific
atmospheric circulation patterns are also having a significant role in determining the cli-
mate in this region. Like other glaciers in the subtropics and outer tropics, Nevado
Coropuna is also having an ELA above the 0 °C isotherm, whereas those in the inner
tropics are close to the 0 °C isotherm. Glaciers situated in the outer tropics and the sub-
tropics are thus considered as temperature-insensitive (Kaser 1999). The east of the
Atlantic Ocean and the Amazon basin control the precipitation in the tropical Andes,
mainly by the seasonal easterly winds (Vuille & Keimig 2004). There are 15 meteoro-
logical stations operated by the Peruvian national meteorological and hydrological ser-
vice within 60 km of the study site. Seasonal variation in temperature is small whereas
that in precipitation is higher and about 70–90% of the precipitation occurs during the
austral summer (December–March). Dry season in the tropical Andes of Peru is during
the austral winter. Higher precipitation rates were observed on the east-facing slopes
than the west-oriented ones, probably due to higher moisture transport from the
Amazon basin. Decreased precipitation rates were observed during strong El Niño
events during 1982–1983 and 1992 whereas a strong El Niño in 1997 was found to be
not interfered with the observed precipitation rates (Herreros et al. 2009). Unfortu-
nately, many of the meteorological and hydrological stations in this region stopped
functioning or having incomplete data-sets. Figure 2 shows the monthly mean precipita-
tion (MMP) at the Coropuna region derived from various meteorological stations near
the Nevado Coropuna.

Various studies focused on monitoring the changes in glaciated area, ice volume
or ice thickness of the Nevado Coropuna using remote sensing and GIS techniques
(Racoviteanu et al. 2007; Peduzzi et al. 2010; Ubeda 2011). There are previous
studies on the snowline variations of the Nevado Coropuna and other glaciers in
the central Andes during the late Pleistocene (Bromley et al. 2009, 2011). The
effects of recent warming in the tropics on the Nevado Coropuna using ice core
records was published recently by Herreros et al. (2009). In this study, we used
remotely sensed satellite images and digital elevation models (DEM) for monitoring
the changes in the snowline altitude (SLA) of the Nevado Coropuna and also to
calculate the annual changes in the area towards the end of the dry season
(May–September). We also used precipitation and air temperature data from the
University of Delaware.
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Figure 1. (A) Altitude distribution in Peru and the location of the Nevado Coropuna.
(B) Selected glaciers for calculating the highest annual snowline.
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3. Data-sets

Landsat series of data are proved to be excellent in monitoring glacier surfaces, and
many studies exist on the application of Landsat data in glaciology (Aniya et al. 2000;
Albert 2002; Bamber & Rivera 2007; Racoviteanu et al. 2008) . Landsat bands in the
VNIR contain the most valuable information to distinguish glacier surface characteris-
tics (Pope & Rees 2014). Landsat series images (except Landsat 1–4) are having a spa-
tial resolution of 30 m in the multispectral channels and only these wavelengths are
used in this research. We also used an LISS3 image (spatial resolution: 23.5 m) from
IRS-P6 in 2012 due to the discontinuity of the Landsat data in the same year. Other
than multispectral images, we used DEM from ASTER GDEM V2 for calculating the
surface properties of the study site. The DEM used here is having a vertical accuracy
of approximately 20 m, which is having the same order of magnitude as the surface
lowering and hence an altitudinal correction was not necessary (Rabatel et al. 2012).
Moreover, the artefacts in SRTM caused by the penetration of C band in to the snow is
absent in the ASTER GDEM.

In order to understand the influence of variabilities in the precipitation and tempera-
ture on the glacier mass loss in the study site, we used precipitation and temperature
data from multiple sources for comparison. We used meteorological data from the
University of Delaware in the form of gridded data-sets as well as from Servicio
Nacional de Meteorología y Hydrología del Perú (SENAMHI). The gridded data-sets
from Delaware are having a lat-long resolution of 0.5° × 0.5°. Ocean Niño Indices and
PDO indices were downloaded from NOAA (http://www.cpc.ncep.noaa.gov).

4. Methodology and results

Identification of snow and ice using remote sensing is easy in theory, but in practice, it
is not so straightforward (Albert 2002). This is because the spectral response of snow
and ice varies with the quantity of impurities and meltwater above the ice and albedo
changes with the ageing. Two satellite systems used for the last few decades, Landsat
and SPOT, suffered from spatial and spectral resolution constraints, respectively. One
of the drawbacks of using satellite images is that specific algorithms may be needed for
images from place to place or season to season. Methods using Landsat series of

Figure 2. MMP measured by the meteorological stations near the Nevado Coropuna.
Source: Silverio 2005.
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images vary from simple false-colour composite and band ratios to principal component
analysis, indices and object-oriented image analysis. In order to assure the accuracy
and reduce the error, atmospherically corrected images were co-registered before further
processing. One of the most efficient methods to map glaciers is the manual delin-
eation. However, manual delineation is not applied here because a large number of
images were used. We calculated the annual changes in the minimum area during the
dry season and the maximum snowline from 1986 to 2014 to understand the influence
of climatic perturbations on the Nevado Coropuna. In order to understand the glacier
recession due to climate forcing, some of the variables such as atmospheric circulation
and anomalies in temperature and precipitation are relevant. We calculated the anoma-
lies in temperature and precipitation at the study site during the last 50 years and also
considered two ocean-atmospheric phenomena in the Pacific – ENSO and PDO.

4.1. Variations in the annual minimum area of the Nevado Coropuna

The area of the glaciated surface and SLA can be used to understand the influence of cli-
mate change on glaciers in the outer tropics and subtropics. We tried to make sure that the
images used were acquired towards the end of dry season (May–September) and images
are cloud-free. In order to discriminate ice and other objects, we calculated normalized
difference snow indices (NDSI) from Landsat and LISS3 images (Equations 1 and 2,
respectively). NDSI images were calculated from the green (TM2: 0.52– 0.60 μm) and
mid-infrared (TM5: 1.55 – 1.75 μm) channels.

NDSI ¼ ½ðTM2� TM5Þ=ðTM2þ ðTM5Þ� (1)

NDSI ¼ ½ðBand1� Band4)=ðBand1þ Band4Þ� (2)

Glacier area can be calculated by applying a suitable threshold to the NDSI images.
The threshold value to be applied to delineate glacier margin may vary from place to
place and even from image to image (Wang & Li 2003). In this research, we used a
threshold between 0.45 and 0.55 for Landsat images and 0.75 to 0.85 for the LISS3
images. By applying a suitable threshold, NDSI images can be used even when thin
clouds are present in the image (Sidjak & Wheate 1999). Due to its robustness and
easiness to apply, particularly when a large number of images are to be processed,
Racoviteanu et al. (2008) used the NDSI method in the Cordillera Blanca. The
observed changes in the annual minimum area of Nevado Coropuna during 1986–2014
are graphically represented in Figure 3.

It is seen from the Figure 3 that there was a decrease of 26.92% of the total gla-
ciated area of the Nevado Coropuna from 1986 to 2014. There was a rapid decrease in
the area during the El Niño episodes during 1997–1998, 2004–2005 and 2009–2010. It
is also noticed that there was an increase in the area during the La Niña episodes in
1998–1999, 2001–2002 and 2010–2011. This indicates that the response of mountain
glaciers to the ENSO in the Cordillera Ampato is rapid (whereas glaciers in Bolivia or
Ecuador were found to show a delayed response towards ENSO). However, length
(horizontal) changes in the terminus may or may not represent a change in the mass
balance when the ice thickness is unknown (Bamber & Rivera 2007) or the case of
surging glaciers (Aniya et al. 2000) and hence we considered another parameter –
annual maximum snowline – which is given in the next subsection. From a glaciologi-
cal viewpoint, aerial changes are more useful on decadal scales than annual basis when
considering a long-term global climate change influence.
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Figure 3. Changes in the annual minimum area of the Nevado Coropuna (1986–2014).

Figure 4. Variations in the annual snowline of selected glaciers (1986–2014).
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4.2. Variations in the annual snowline maximum during dry season

The SLA was calculated based on Rabatel et al. (2012). The highest SLA calculated
towards the end of dry season (May–September) can be taken as a representative of the
ELA (Rabatel et al. 2012), particularly in the outer tropics and the subtropics. Based
on comparison and validation with field data on Glaciar Zongo in Bolivia and Glaciar

Figure 5. (A) Anomaly in precipitation; (B) Anomaly in temperature.
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Artesonraju in Peru, it is found that SLA is a good proxy for ELA and hence can be
used to measure annual mass balance changes (Rabatel et al. 2012). In contrast to inner
tropics, there is a strong seasonality of precipitation in the outer tropics and hence we
can use the maximum SLA during the dry season as a representative of ELA of the
year. In order to calculate SLA of the selected glaciers (Figure 1(B)) from Landsat
images, 5-4-2 false-colour composite images were created and certain threshold values
were applied to TM2 and TM4. The threshold applied to TM4 may vary from 60 to
135 and for TM2, it vary from 80 to 160. The calculated annual snowlines of selected
glaciers of the Nevado Coropuna during 1986–2014 are given in Figure 4. It is seen
that there was an increasing trend in the SLA during this period and the snowline
fluctuations were ‘disturbed’ with the ENSO and PDO phase changes. It is also seen
that the glacier with the highest SLA studied (snowline 1 > 5700 m) showed less
fluctuations compared to others due to high altitude, which is normal at higher altitudes
due to lower temperature and higher snowfall. The highest snowline may not be at the
end of the hydrological year (Rabatel et al. 2012) and it depends on seasonal snowfall,
if occurred.

4.3. Calculating the anomalies in precipitation and temperature at the study area

We calculated the anomalies in the precipitation and the temperature near the Neva
proven do Coropuna since 1950s using the data-sets from the University of Delaware
(Figures 5(A) and (B)). We applied linear interpolation to the gridded data-sets in
MATLAB to plot the anomalies. We used only one cell each for temperature and pre-
cipitation, which covers the entire study site, to plot the anomaly due to its resolution
(0.5° × 0.5° lat-long). We also plotted the ENSO and PDO indices (Figure 6) during
1979–2014 to observe whether the changes in precipitation and temperature at the
study site varied with the phase changes of ENSO and PDO. It is noted that a positive
regime of PDO has prevailed from the late 1970 to 2008 then started an interrupted
cold regime, which is not usual compared to normal patterns of PDO that persists for
decades.

A strong correlation between ENSO (and PDO) indices and the calculated anoma-
lies in precipitation is absent in the study region. However, the changes in the annual

Figure 6. PDO and ENSO indices (1979–2014).
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snowline and area of the glaciated region fluctuated heavily with the phase changes of
ENSO and PDO and the temperature anomaly has also shown variations during strong
ENSO conditions.

5. Discussion

The overall decrease in the glaciated area of the Nevado Coropuna during 1986–2014
(26.92%) is strikingly similar to that during 1962 to 2000 (26%) calculated by
Racoviteanu et al. (2007) and this shows that the glaciated area of Nevado Coropuna
was decreasing at the rate of about 26% during the last 50 years. Significant glacier
recession in the Peruvian Andes started in the mid-nineteenth century itself (Kaser
1999). Some glaciers in the Cordillera Vilcanota in Peru were reported to have lost
about 32% of the glacier area during 1962–2006 (Salzmann et al. 2012) and a loss of
35% in the southern part of Cordillera Blanca between 1962 and 1999 is also reported
(Mark & Seltzer 2005). Kaser et al. (1996) studied the relationship between the
changes in the ELA of Andean glaciers and fluctuations in the climate. However, the
presence of excess snow cover on the glacier terminus was always a hindrance for
delineating the glacier boundary and ELA using remote sensing data in this region and
this problem was later overcome by using ‘snowline’ as a climatic indicator (Arnaud
et al. 2001) for this type of glaciers. The presence of distinct dry and wet seasons
makes it possible to calculate annual snowline more accurately using satellite images in
the outer tropics compared to the inner tropics. Satellite images taken during the end of
dry season (May–September) have already proven to be excellent in calculating the
annual snowline which in turn can be used as substitute for the ELA based on the case
studies on Glaciar Zongo, Bolivia and Glaciar Artesonraju, Peru, by Rabatel et al.
(2012). The exceptional increase in the annual snowline and decrease in the surface
area of the glacier during 1997–1998, 2004–2005 and 2010 can be well explained by
the presence of strong El Niño occurred during the warm regime of PDO. From the
results, it is seen that both the glacier area and the snowline did not vary much as
expected from the combined influence of the El Niño and the positive PDO occurred
during 1991–1995. The possible explanation for this zero or slightly positive mass
balance can be explained on the basis of Rabatel et al. (2013) in such a way that the
cooling effect of the volcanic sulphate aerosols in the stratosphere due to the eruption
of Pinatubo interrupted the influence of the long El Niño during 1991–1995. However,
this explanation is difficult to prove statistically.

The influence of ENSO on the ice-covered Nevado Sajama in Bolivia was reported
in 2001 (Arnaud et al. 2001), which is located in the CVC where the Nevado Coropuna
is also situated. Based on general circulation models (GCM), Minvielle and Garreaud
(2011) calculated a significant decrease in the easterly circulation over the Altiplano
that may cause a strong decrease in the precipitation in the tropical central Andes
towards the end of twenty-first century. Inter-decadal variability in the Andes is
associated with long-term changes in the pacific circulation patterns whereas decadal
variability is associated with the changes in the circulation patterns over the Amazon
basin (Espinoza Villar et al. 2009). Even though many models exist, such as CMIP3,
the inconsistent trend in regional precipitation severely limits the understanding of cli-
mate changes over the Altiplano (Minvielle & Garreaud 2011). However, it is already
understood that the Pacific SST has been increased since the late 1970s because of the
so-called Pacific climate shift and this might be one of the causative agents of the
observed accelerated glacier retreat (Rabatel et al. 2013). Glaciers situated in different
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climatic regimes can respond to similar climatic perturbations with different magnitudes
(Sagredo & Lowell 2012). In the tropical Andes, this difference in magnitude of
response is very visible because the climate is influenced by Atlantic, Pacific and
Westerly circulation in varying magnitudes. This magnitude of the influence of the
circulation patterns vary from the inner to the outer tropics and results in different
MMP and temperature patterns. Altitude is also another important factor that controls
the glacier recession in response to climate change (Chevallier et al. 2011). The rate of
increase/decrease in the snowline situated at higher altitude (snowline 1) was found to
fluctuate less compared to those at a lower altitude (snowline 2 and snowline 3). This
is because the higher altitudes in this region are fed by heavy snowfall (note that the
maximum precipitation occurs in the summer in low tropical latitudes) whereas rapid
ice melting occurs in the lowest parts (Chevallier et al. 2011). At higher altitudes,
temperature is also lesser compared to the low-lying glaciers.

Herreros et al. (2009) mentioned that there was no change in the quantity of precip-
itation in the study area during the strong El Niño during 1997–1998, but glacier mass
loss was high from our results. However, by using NCEP-NCAR reanalysis data,
Pouyaud (2005) could find a correlation between the runoff from the glaciated drainage
basins in the Cordillera Blanca and the air temperature. During the strong El Niño sea-
sons, the temperature values were higher in the Coropuna region as well (Figure 5(B)).
There exists a high correlation between the glacier mass loss and air temperature in the
mid latitude and high-latitude glaciers (Braithwaite 1981) and this explains how the El
Niño events were followed by an elevation in annual snowline. The westerly (dry
conditions) and the easterly (wet conditions) are the wind anomalies that are not cen-
tred over the central part of Altiplano and the location of these wind anomalies are
important in determining the spatial pattern of the precipitation anomalies in the central
Andes. A study on three drainage basins (Pacific, Titicaca and Amazonas) in Peru
shows that the coastal region is having higher rainfall variability and hence higher run-
off variability on seasonal and inter-annual timescales (Lavado Casimiro et al. 2012). It
is clear that the increase in the runoff, if exists during low precipitation season, is
solely due to accelerated glacier ablation.

6. Conclusions

The Nevado Coropuna in the Cordillera Ampato has lost its 26.92% of total glaciated
area during the last three decades (from 57.57 to 42.19 km2) and this decrease in the
area followed the pattern of ENSO, particularly when in phase with PDO. This loss of
glaciated area is important because the Peruvian Andes contains about 70% all tropical
glaciers in the world. Exceptional cases were found during the prolonged El Niño per-
iod during 1991–1995, probably due to the influence of the Pinatubo eruption followed
by the cooling effect of aerosols in the stratosphere. The fluctuations in area and annual
snowline of this icecap in Peru during the phase changes of ENSO is immediate and
higher compared to mountain glaciers in Ecuador or Bolivia and this indicates that gla-
ciers in different climate zone (inner and outer tropics, for example) can show different
magnitudes of response to identical climatic perturbation (El Niño, for example). Even
though a correlation does not exist between the precipitation anomaly and ENSO in this
region, the snowline fluctuations followed the ENSO patterns. It is highly
recommended to include the influence of spatial barriers (mountain range) in the study
of climate variability in the Andean countries.
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