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z	Abstract
Six glacial cover maps of Cordillera Blanca in Peru were prepared using the band ratio (TM4/TM5) of Landsat 5 TM, ETM+4/
ETM+5 of Landsat 7 ETM+ and OLI5/OLI 61 of Landsat 8 images. This cover varied between 618±60 km2 in 1987 and 
449±56 km2 in 2016. In spite of differences in mapping methodologies, our glacial cover estimates are comparable with 
those of other studies, given an uncertainty margin of around ± 10 %. Since 1930, when the glaciers covered ca. 830 km2, 
the Cordillera Blanca has lost 46 % of its cover in 86 years.
A nonlinear-, second-degree polynomial has been fitted to the glacier cover evolution overtime, showing that the negative 
rate of change has increased between the 80’s (5 km2 y-1) and 2016 (23 km2 y-1). Considering altitude, the decrease in cover 
is particularly notable between 4500-5000 m and 5000-5500 m, and changes in the latter altitude are becoming more 
dominant over time (over 60 %). To explain the minor fluctuations in glacier cover around the global trend, the yearly rate 
of cover change was regressed against the mean Oceanic Niño Index for six periods between 1987 and 2016. The inverse 
relationship shows a certain amount of dispersion, that has yet to be explained, but is nonetheless significant.
Keywords : remote sensing; Landsat; Snow index; band ratio; Andes; climate change; glaciology; El Niño/La Niña.

z	Résumé
Evaluation des fluctuations de glaciers dans la Cordillera Blanca (Pérou) par télédection satellitaire entre 1987 
et 2016 dans le contexte du phénomène El Niño/oscillation australe (ENSO). – Six cartes de la couverture glaciaire 
de la Cordillera Blanca (Pérou) ont été élaborées sur la base des images numériques des satellites Landsat 5 TM (ratio TM4/
TM5), Landsat 7 ETM+ (ratio ETM+4/ETM+5) et Landsat 8 (ratio OLI5/OLI 61). La superficie glaciaire a ainsi varié de 618±60 
km2 en 1987 à 449±56 km2 en 2016. En dépit de quelques différences dans les méthodes cartographiques, nos estima-
tions de couverture sont comparables avec celles d’autres auteurs étant donné une marge d’incertitude de ± 10 %. Depuis 
1930, lorsque les glaciers recouvraient environ 930 km2, la Cordillera Blanca a perdu 46 % de cette couverture en 86 ans.
Un polynôme du deuxième degré ajusté à l’évolution de la superficie glaciaire montre que le taux de décroissance est 
passé de 5 km2 y-1 à 23 km2 y-1 entre les années 1980 et 2016. Considérant l’altitude, cette diminution de la couverture gla-
ciaire est particulièrement importante entre 4500-5000 m et 5000-5500 m, et les changements dans cette dernière classe  
d’altitude sont désormais dominants (60 %). En vue d’expliquer les fluctuations mineures de la couverture autour de la 
tendance générale, le taux annuel de changement a été comparé avec l’Index Niño moyen (ONIm) pour six périodes entre 
1987 et 2016 : les valeurs nettement négatives de l’index indiquent une prédominance de La Niña, provoquant une recrue 
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z	1. Introduction

In 1970, the Cordillera Blanca represented 35 % of 
the ice cover of Peru. According to a second sur-
vey in 2003, the glacier surface represented about 
40 % of the national ice cover (UGRH 2013 ; 2010). 
Cordillera Blanca glaciers are one of the main re-
serves of freshwater for the region of Ancash. In 
2005, one million people in this area were, direct-
ly or indirectly, dependent on its water resource for 
drinking water, agriculture, fish farming, electrici-
ty, and transporting mineral concentrates (Silverio 
2007). Moreover, Cordillera Blanca waters irrigate 
the coast of the Ancash region through the CHINE-
CAS project (an irrigation venture that includes the 
Chimbote, Nepeña, Casma and Sechin valleys). The 
waters are also captured beyond the Ancash region 
by the CHAVIMOCHIC irrigation project (including 
the of Chao, Virú, Moche, and Chicama valleys on 

the coast in the La Libertad region. This water is 
used to irrigate agricultural lands, generate electric-
ity, and provide drinking water to the city of Trujillo 
(which had 500 000 inhabitants as of 2005) (Silver-
io 2007 ; Bury et al. 2013 ; Kaser et al. 2003). Thus, 
the disappearance of these glaciers would affect the 
lives of more than 1.5 million people and jeopardize 
agricultural exports for the whole region (Silverio 
2007) (Fig. 1).

The cryosphere (snow, river and lake ice, sea ice, 
glaciers, ice caps, ice shelves, ice sheets, and fro-
zen ground) reflects climate variations over a wide 
range of time scales, making it a natural record of 
climate variability that provides a visible expression 
of climate change. Recent decreases in ice mass 
have been correlated with rising surface air tem-
peratures (Vaughan et al. 2013). Satellite imagery 
is an important source of information to map gla-

des glaciers (1997-2002 et 2011-2014), alors qu’une diminution de la surface glaciaire survient lorsque les épisodes El Niño 
dominent, marqués par une index positif (-23 km2 y-1 en 2015-2016). Bien qu’affectée d’une certaine dispersion qui reste à 
expliquer, la relation inverse trouvée montre bien l’influence de l’ENSO (El Niño / Southern Oscillation) qui module quelque 
peu la décroissance de la couverture glaciaire constatée depuis les années 1930 dans la Cordillera Blanca.
Mots-clés : télédétection; Landsat; Indice de neige; ratios de canaux; Andes; changement climatique; glaciologie; El Niño/
La Niña.
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Fig. 1. Geographic position of Cordillera Blanca within Peru (left). Map of Cordillera Blanca with glacier cover in 2010 

(right).
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cier cover evolution due to its repeatability, synoptic 
character and easy integration into geographic in-
formation systems (Paul 2003). This is why remote 
sensing has been largely used to map glacier cover 
in Cordillera Blanca (e.g. Silverio and Jaquet 2005 ; 
Racoviteanu et al. 2008 ; Burns and Nolin 2014).

The present work has the following objectives : 1) 
to extend the time series of satellite-derived glacier 
cover maps to the year 2016, based on the image-
ry from Landsat 8-OLI instruments and document 
them by field observations ; 2) to compare the car-
tographic results obtained by two spectral indices 
(NDSI and NIR/SWIR ratio) for 1987, 1996 and 2002 
and evaluate the accuracy of glacial cover areal es-
timates ; 3) to examine the distribution and evolu-
tion of glaciers with altitude ; and 4) compare glacier 
fluctuations to the occurrence of El Niño Southern 
Oscillation (ENSO) events (El Niño / La Niña) until 
the last 2016 episode.

z	2. Location and general aspects  
of the Cordillera Blanca

The Cordillera Blanca is located between 08° 30’ and 
10° 10’ S and between 77° 00’ and 78° 00’ W in the 
Peruvian Andean State of Ancash, 400 km north of 
Lima. 

Topography, glaciers and climate are described 
more thoroughly in a previous study (Silverio and 
Jaquet 2005).

The climate of the Cordillera Blanca has been de-
scribed by Kaser et al. (1990), Kaser et al. (1996) 
and Kaser and Osmaston (2002). It is characterized 
by two well-marked seasons : a wet season between 
October and April and dry season between May and 
September (Maussion et al. 2015 ; Schauwecker et al. 
2014). The maximum precipitation occurs in March, 
and it remains below 20 mm per month during the 
austral winter (Fig. 2A). The monthly thermal am-
plitude at Querococha (4050 m) is almost constant 
throughout the year (Fig. 2B), but the daily varia-
tions are large : at 6000 m, in the absence of wind, 
the temperature may vary between -20°C in the early 
morning and +20°C at midday (Silverio 2003).

During the wet season, it rains every day in the val-
leys and snow falls at altitudes higher than 4800 m, 
but the tropical conditions (temperature and intense 
insolation) prevent any accumulation of snow outside 
the glaciers (Kaser et al. 2003). During the dry sea-
son, a few days with precipitation are possible, which 
are locally called cambio de luna. During these epi-
sodes, snow may fall at altitudes higher than 4500 m. 
During the 80s, the Andean summer was charac-
terized by good weather, but in 2013 and 2014, some 
days were cloudy or had snow falls at altitude higher 
than 4200 m and rain, and it was cold around 4000 m. 
Precipitation and low temperature are characteristic 
of neutral and cold phases of ENSO (for periods of 
warm, neutral, and cold phases of ENSO, see NOAA 
2016). During the 70s and 80s ENSO cycles were 
about seven years long, but the intensity and frequen-
cy increased during the last decades of 20th century 
(Cai et al. 2015 ; Capotondi et al. 2013 ; Wagnon 2001).

In the Cordillera Blanca, glacial accumulation oc-
curs during the wet season, while ablation occurs 
throughout the entire year (Kaser et al. 1990 ; Fran-
cou and Wagnon, 1998). According to Ames et al. 
(1988), the Cordillera Blanca comprised 711 glaciers 
with a total surface of 721 km2 in 1970 (excluding 
the small mountain ranges of Rosko and Pelagatos : 
see Silverio and Jaquet 2005). In 2003, there were 
755 glaciers, because some of them experienced 
a fragmentation ; their total surface was 528 km2 
(UGRH 2013 ; 2010). 

Fig. 2. Monthly precipitation and air temperature in 

Cordillera Blanca. (A) Multi-annual monthly mean 

precipitation in seven climate stations. (B) Multi-annual 

monthly mean temperature at Querococha climate 

station located at 4050 masl. Source of informations : 

Precipitation (B. Pouyaud, IRD, Montpellier, France, 

personal communication); temperature 1965-1986 (Ames, 

1988), 1987-1993 (Abel Rodriguez, EGENOR, personal 

communication).
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z	3. Data and methods

3.1. Image analysis

A total of seven images were used in this study, and 
their characteristics are given in Table 1. All imag-
es were mosaicked except for the 1975 MSS images, 
which covered only the northern part of Cordillera 
Blanca. 

Geometric correction was performed on the 1987 
image based on the Peruvian National Geograph-
ic Institute (IGN) 1:100 000 topographic map using 
91 ground control points (GCPs) (Silverio and Jaquet 
2005). This image was used for co-registration of  
the 1975 image. The rest of images used for glacier 
cover mapping were already in UTM and simply 
re-projected in zone 18 south.

The complex topography of the Cordillera produces 
strong shadow effects on the images and hence on the 
spectral signatures of land-cover classes (Silverio and 
Jaquet 2003 ; 2005). This effect could ideally be cor-
rected through a topographic normalisation using a 
digital elevation model (DEM) (Dymond and Shep-
herd 1999), which should have a spatial resolution 
at least four times that of the image to be corrected 
(Sandmeier 1995). The DEM interpolated by Silver-
io (2007) using INRENA’s contour lines (50-m resolu-
tion) does not meet this requirement. Previous stud-
ies attempting such a topographic normalization had 
poor results with over- and under-correction artefacts 
(Silverio and Jaquet 2003 ; 2005). We instead turned 
to band combinations or ratios for glacier cover map-
ping. Ratios and indices are known for their ability to 
eliminate, or at least to minimise, illumination differ-
ences due to topography (Colby 1991). They are cal-
culated from visible and near-infrared channels with 

Satellite/Sensor	 Date	 Path/Row	 Pixel (m)	 Mapping/monitoring	 Source

Landsat 2 / MSS	 4 August 1975	 8/66	 60	 Hazards, Glacier	 UNEP/DEWA/GRID-Sioux Falls (USA)

MSS: Multispectral Scanner System

Landsat 5 / TM	 31 May 1987	 8/66, 8/67	 30	 Glacier cover	 http://glovis.usgs.gov/

TM: Thematic Mapper

Landsat 5 / TM	 26 July 1996	 8/66, 8/67	 30	 Glacier cover	 http://glovis.usgs.gov/

TM: Thematic Mapper

Landsat 7 / ETM+:	 17 June 2002	 8/66, 8/67	 30 	 Glacier cover	 http://glovis.usgs.gov/

ETM+: Enhanced

Thematic Mapper Plus 

Landsat 5 / TM	 18 August 2010	 8/66, 8/67	 30	 Glacier cover	 http://glovis.usgs.gov/

TM: Thematic Mapper

Landsat 8 / OLI	 12 July 2014	 8/66, 8/67	 30	 Glacier cover	 http://glovis.usgs.gov/

OLI: Operational Land Imager

Landsat 8 / OLI	 30 May 2016	 8/66, 8/67	 30	 Glacier cover	 http://glovis.usgs.gov/

OLI: Operational Land Imager

Table 1. Characteristics of satellite imagery.

Fig. 3. Ratio image (2010) TM4/TM5 ≥ 2 showing Cordillera 

Blanca glaciers (blue). Background : composite image of 

Landsat5 TM of 18 August 2010 (RGB : 7/4/2).
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low correlation, ideally, after elimi-
nating additive noise (Bonn and Ro-
chon 1993). However, since haze was 
not visible in the images, eliminat-
ing noise was deemed unnecessary 
(Silverio and Jaquet 2003 ; 2005). 
For mapping the years 1987, 1996, 
2002, 2010, 2014, and 2016, we used 
the band ratios Landsat TM4/TM5, 
ETM+4/ETM+5, and OLI5 (0.845- 
0.885 µm)/OLI 61 [1,560-1,660 µm 
(IRM)]. The TM4/TM5 and ETM+4/
ETM+5 ratios are spectrally equiva-
lent according to NASA (2016), and 
they have commonly been applied in 
glaciology (Albert 2002 ; Paul 2002 ; 
Rees 2006). The Normalized Differ-
ence Snow Index (NDSI) (Hall et 
al. 1995 ; Silverio and Jaquet, 2003 ; 
2005 ; 2009) was computed for the 
years 1987, 1996, and 2002 to enable 
comparisons with TM4/TM5.

The computations were carried out 
in IdrisiTM and yielded images in real 
mode, which were exported as inte-
gers into ArcViewTM (ESRI). Glacier 
outlines were defined for TM4/TM5 
≥ 2, ETM+4/ETM+5 ≥ 2 and OLI5/
OLI 61 ≥ 2. These values gave the best 
match with the glacier limits in the 
color composite image (TM RGB : 
7/4/2 ; ETM+ RGB : 7/4/2 ; OLI RGB : 
7/5/3 ; Fig. 3). The limits of the de-
bris-covered glaciers were drawn on 
screen by visual inspection of the 
TM7/4/2, ETM+7/4/2 and OLI 7/5/3 
composite images. 

In contrast with our previous cartog-
raphy (Silverio and Jaquet 2005), we 
have subtracted the rock outcrops 
present inside the glaciers from our 
cover estimates.

3.2. Other definitions

Individual ice bodies are defined in this work as 
portions of ratio images greater than or equal to a 
threshold of 2 with a surface area of 2700 m2 (0.0027 
km2) or more (3 pixels). 

The uncertainty of the area estimations was com-
puted using the Perkal band method (Racoviteanu 
et al. 2008) which involves applying a one pixel-wide 
buffer on either side of the ice body limits.

Fig. 4. Variation of precipitation 

during El Niño at climate stations of the 

Cordillera Blanca. A) North, B) Center 

and C) South.
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In order to classify glaciers by al-
titude, we used the digital eleva-
tion model interpolated by Silverio 
(2007), which was resampled at a 
resolution of 30 m. The original con-
tours spaced at 50 m were in geo-
graphic coordinates with altitudes 
ranging between 25 and 6700 m. 
After correction, the contours were 
reprojected onto UTM zone 18 South 
(Silverio 2007). The DEM was in-
terpolated using TOPOGRID (Arc/
INFO workstation). Within the Cor-
dillera Blanca region, the altitude is 
between 1131 and 6701 m, but all gla-
ciers are above 4000 m. We have de-
fined five classes between 4000 and 
6500 m and one beyond 6500 m. The 
glacier cover maps for 1987, 1996, 
2002, 2010, 2014 and 2016 were ras-
terized at the same resolution and 
overlaid on the DEM to compute gla-
cier cover by altitude.

For a given altitude class and period, the percent 
glacier cover change (as shown in Table 4) repre-
sents the mean change (positive or negative) in gla-
cier cover expressed as a percentage :

where GCfirst is the glacier cover of the period’s first 
year, and GClast is the glacier cover for the last year.

3.3. Meteorological and climatic data

Fig. 2 shows representative precipitation and air 
temperature useful for understanding the glacier 
fluctuations in Cordillera Blanca. The data comprise 
multi-annual monthly patterns of precipitation for 
seven stations located in the Cordillera Blanca (Fig. 
1 shows their locations) obtained from B. Pouyaud, 
IRD (Montpellier, France) and the monthly mean 
temperature at the Querococha climate station (lo-
cated at 4050 m in the southern part of Cordillera 
Blanca ; see Fig. 1). An illustration of the precipita-
tion variability during El Niño/La Niña episodes is 
shown in Fig. 4.

In order to represent the ENSO phenomenon, the suc-
cession of El Niño/La Niña episodes is represented in 
Table 2 by the Oceanic Niño Index (ONI) computed 
by the NOAA (2016). ONI represents the three-month 
running mean (°C) of ERSST v4 (Extended Recon-
structed Sea Surface Temperature) anomalies in the 
Niño 3.4 region (5oN-5oS, 120o-170oW).

3.4. Field observations

IRENA (now ANA : Autoridad Nacional del Agua/ 
National Authority of Water) has surveyed the gla-
cier front position for the Broggi glacier (1975-2002) 
and Pastoruri glacier (1987-2001). For the latter, 
additional front points were measured by GPS in 
2008 and 2016, and field photographs were obtained 
(Figs. 6-9).

z	4. Results

4.1 Cordillera Blanca glacier cover between 1930 and 
2016

Table 3 shows the available estimates that we have 
gathered for glacier cover in Cordillera Blanca. 
These were computed by various authors between 
1930 and 2010 and by ourselves between 1987 and 
2016 using TM4/TM5, ETM+4/ETM+5 and OLI5/
OLI61 band ratios. Alternate estimations are also 
provided for 1987, 1996 and 2002 based on NDSI. 
The uncertainty (±) of the cover values is given in 
km2 and % for band ratios images only. The number 
of ice bodies is in the last column.

Fig. 5 illustrates the multi-annual evolution of gla-
cier cover and ice bodies. The decreasing trend 
is obvious, but there are small reversals in 2002 
and 2014 with matching drops in the number of 
ice bodies. Over 46 years, the mountain range 
lost 272 km2 of its ice cover. The rate of change 
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Fig  5Fig. 5. Glacier cover evolution of Cordillera Blanca between 1930 and 2016. 

Crosses indicate the number of ice bodies, and the errors bars represent 

a ±1pixel uncertainty on the glacier limits. GC is the second degree fit on 

glacier cover, and GC’ its first derivative, expressing an increase of negative 

rate of change of GC with time.
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is given in Table 4C (GCvar) for the six periods 
defined since 1971. The rate becomes increasingly 
negative between 1971 and 1996 (around -5 km2 
year-1), 2003 and 2010 (-14), and 2015 and 2016 
(-23). This trend is reversed in 1997-2002 (5 km2 
year-1) and in 2011-2014 (1.5 km2 y-1). A second-de-
gree polynomial has been fitted to all the data 
points of Fig. 5 (GC) and its first derivative com-
puted as GC’ (in km2 y-1).

We illustrate the overall decrease in glacier cover 
with image and field data from two well-studied gla-
ciers. The Broggi glacier retreated 500 m between 
1975 and 2002 (Fig. 6) and completely disappeared 
in 2005, while the Pastoruri glacier shrank by 630 
m between 1987 and 2014. It split into two ice bod-
ies in 2007 (Figs. 7 and 8), and its retreat exceed-
ed 100 m between 2008 and 2016 (Fig. 9). These 

two glaciers are examples of the general situation 
in Cordillera Blanca, where 81 % of glaciers had an 
area smaller than 1 km2 in 2003 according to UGRH 
(2010). 

4.2 Glacier cover distribution by altitude

For the period considered, less than 1 % of the Cor-
dillera Blanca glacier cover exists between 4000-
45000 m and above 6500 m (Table 4A). The ma-
jority (60 %) occurs between 5000-5500 m, about 
20 % at 4500-5000 m and 15 % at 5500-6000 m (Fig.  
10B). By altitude, the evolution has contrasting pat-
terns over time (Fig. 10A) : omitting the extremes 
altitudes, there is a steady decrease of the cover at 
4500-5000 m, a more irregular decrease at 5000-
5500 m, and a small decrease at higher altitudes.

Table 3. Glacier cover in Cordillera Blanca between 1970 and 2016 as computed by various authors (left) and by this 

study (right; using NDSI and TM4/TM5). In Km2 and %. GUGA: George (2004), UGRH (2010a) and Ames et al. (1988); Rac: 

Racoviteanu et al. (2008); Burns: Burns and Nolin (2014). For Racoviteanu et al. (2008), figure in bracket is the uncertainty.

					     This study NDSI			   This study Ratio

	 GUGA	 Rac	 Burns	 Surface	 Uncert.	 Uncert.	 Surface	 Uncert.	 Uncert.	 Ice bodies

				    (Km2)	 (± Km2)	 (± %)	 (Km2)	 (± Km2)	 (± %)	

1930	 825	 	 	 	 	 	 	 	 	         

1970	 721	 	 	 	 	 	 	 	 	         

1987	 	 	   644	 632	 Not estimated	 Not estimated	 618	 60	 10	 357

1996				    584	 Not estimated	 Not estimated	 568	 60	 11	 465

2000	 600	 	 	 	 	 	 	 	 	         

2002	 560	 	 	   591	 Not estimated	 Not estimated	 599	 54	 9	 241

2003	 528	 569 (21)	 	 	 	 	 	 	 	        

2004	 	 	   569	 	 	 	 	 	 	       

2010	 	 	   482	 	 	 	    488	 54	 11	 482

2014	 	 	 	 	 	 	       494	 61	 12	 459

2016	 	 	 	 	 	 	       449	 56	 12	 466
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Fig  6BFig. 6. (a) Evolution of the Broggi glacier front between 1975 and 2002. (b) Cumulative glacier retreat of Broggi by remote 

sensing (RS) between 1975 and 2002 and by topography (Topo) between 1976 and 2001. Field information comes from 

former INRENA (Peruvian National Institute of Natural Resources). 
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Table 4. Distribution of glacier cover GC (A), percent glacier cover change PGCC (B) and glacier cover change per year GCC 

(C) by altitude between 1987 and 2016. PGCC is computed by formula {1} in text.

A: GC	  	  	  	  	  	  	  	  	  	  

Cumul. year	  	  	 0	 9	 15	 23	 27	 29	  	  	  

Altitude (m.a.s.l.)	 1930 (km2)	 1970 (km2)	 1987 (km2)	 1996 (km2)	 2002 (km2)	 2010 (km2)	 2014 (km2)	 2016 (km2)	 2016-1987	 2016-1970	 2016-1930

4000-4500	  	  	 3.1	 2.3	 2.3	 1.8	 1.7	 1.5	 -1.6	  	  

4500-5000	  	  	 167.9	 139.1	 140.5	 95.7	 95.2	 79.2	 -88.7	  	  

5000-5500	  	  	 363.2	 345.5	 370.0	 311.5	 317.0	 289.3	 -74.0	  	  

5500-6000	  	  	 72.6	 69.8	 74.9	 68.2	 69.4	 68.4	 -4.2	  	  

6000-6500	  	  	 10.0	 9.7	 10.1	 9.8	 9.7	 9.5	 -0.5	  	  

>6500	  	  	 1.3	 1.3	 1.3	 1.3	 1.2	 1.2	 -0.1	  	  

Total	 825	 721	 618	 568	 599	 488	 494	 449	  	  	  

Change	  	 -104	 -103	 -50	 32	 -111	 6	 -45	 -169	 -272	 -376

B: PGCC								      

Altitude (m.a.s.l.)	 1988-1996 (%)	 1997-2002 (%)	 2003-2010 (%)	 2011-2014 (%)	 2015-2016 (%)	 2016-1987 (%)	 2016-1970 (%)	 2016-1930 (%)

4000-4500	 -26	 2	 -22	 -8	 -11	 -52		

4500-5000	 -17	 1	 -32	 0	 -17	 -53		

5000-5500	 -5	 7	 -16	 2	 -9	 -20		

5500-6000	 -4	 7	 -9	 2	 -1	 -6		

6000-6500	 -3	 4	 -3	 -2	 -1	 -5		

>6500	 -1	 2	 0	 -5	 -1	 -6		

Total	 -8	 6	 -18	 1	 -9	 -27	 -38	 -46

% y-1	 -1	 1	 -2	 0	 -5			 

C: GCC							     

Altitude	 1930-1970	 1970-1987	 1988-1996	 1997-2002	 2003-2010	 2011-2014	 2015-2016

(m.a.s.l.)	 (Km2 y-1)	 (Km2 y-1)	 (Km2 y-1)	 (Km2 y-1)	 (Km2 y-1)	 (Km2 y-1)	 (Km2 y-1)

4000-4500			   -0.1	 0.0	 -0.1	 0.0	 -0.1

4500-5000			   -3.2	 0.2	 -5.6	 -0.1	 -8.0

5000-5500			   -2.0	 4.1	 -7.3	 1.4	 -13.9

5500-6000			   -0.3	 0.9	 -0.8	 0.3	 -0.5

6000-6500			   0.0	 0.1	 0.0	 0.0	 -0.1

>6500			   0.0	 0.0	 0.0	 0.0	 0.0

Gcvar	 -2.6	 -6.1	 -5.6	 5.3	 -13.9	 1.5	 -22.6
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Fig. 7. (a) Monitoring of Pastoruri glacier from space between 1987 and 2014 with Landsat TM, ETM+ and OLI images. 

Color composites of 2014 OLI images (RGB : 61, 4, 2). (b) Cumulative glacier retreat of Pastoruri by remote sensing 

(RS) between 1987 and 2014 and by topography (Topo) between 1987 and 2001. In 2007, Pastoruri splits and later field 

measurements were discontinued. Field information comes from former INRENA (Peruvian National Institute of Natural 

Resource).
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The debris-covered glaciers (DCGs ; see Fig. 11 for 
an example) are restricted to the four classes be-
tween 4000 m and 6000 m (Table 5 ; Fig. 12), with a 
strong predominance at 4500-5000 m. Between 1987 
and 2016, the cover in this class decreases from 16 
km2 to about 13 km2. A slight decrease occurs at 
4000-4500 m, which matches a similarly weak in-
crease at 5000-5500 m. The DCGs range from 60 % 

to more than 90 % of the total glacier cover at 4000-
4500 m, with a smaller increase at 5500-5000 m and 
constant values at higher altitudes (Fig. 13).

Fig. 8. Evolution of Pastoruri between 2000 and 2016. Photos W. Silverio.

Fig. 9. Ground Control Points (GCP) taken in 2008 and 

2016 with GPS show the Pastoruri glacier retreat was more 

than 100 m during this period. Colour composites of 2016 

OLI images (RGB : 61, 4, 2).

Fig. 10. Total glacier cover evolution by altitude between 

1987 and 2016 (A) in km2 and (B) in % computed over all 

altitude classes.
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4.3 Glacier cover change by altitude and period

The change in glacier cover by altitude (PGCC) com-
puted for the five defined periods is shown in Table 
4B and illustrated in Fig. 14. The variation follows 
two well-defined patterns. For the periods of 1988-
1996, 2003-2010, and 2015-2016, PGCC is negative 
and monotonically decreases with altitude in a non-
linear fashion. For 1997-2002 and 2011-2014, PGCC 
is globally positive and non-monotonic, with maxi-
mum change occurring between 4500 and 5500 m.

4.4. Glacier cover variation and ONI

Table 2 (rightmost columns) shows the average 
value of ONI (ONIm) computed for 
the six periods between 1971 and 
2016, along with the standard de-
viation, coefficient of variation (CV 
in %), and sample size (number of 
months). The large CV indicates a 
high variability of ONI within each 
period. Table 6 lists these param-
eters and corresponding values of 
the glacier cover variation per year. 
The relationship between ONIm 
and GCvar is plotted in Fig. 15. The 
coefficient of determination (R2 = 
0.8) is significant at the 95 % level.

z	6. Discussion

6.1. Influence of cartographic methodology and 
uncertainty on glacier evolution estimates

We have applied the TM4/TM5 ratio based on DNs 
to map the glacier limits between 1986 and 2010, 
as well as OLI5/OLI6 for 2014 and 2016, which have 
equivalent spectral bands. The TM4/TM5 ratio is 
commonly used in glaciological studies (Hall et al. 
1987 ; Paul 2002 ; Paul et al. 2002 ; Paul et al. 2004 ; 
Williams et al. 1991), and it is simpler to compute 
than NDSI. According to Paul (2000), this ratio gives 
the best results for glacier mapping, especially in 
shadowed areas. Albert (2002) shows a difference 

Table 5. Distribution of debris-covered glacier (DCG) by altitude between 1987 and 2016

Altitude	 1987	 1996	 2002	 2010	 2014	 2016	 Diff	 change

(m.a.s.l.)	 (Km2)	 (Km2)	 (Km2)	 (Km2)	 (Km2)	 (Km2)	 (Km2)	 (%)

4000-4500	 1.9	 1.8	 1.8	 1.6	 1.6	 1.4	 -0.5	 -26

4500-5000	 16.1	 15.0	 14.0	 13.7	 13.7	 12.7	 -3.3	 -21

5000-5500	 1.7	 1.7	 1.7	 2.1	 1.6	 2.0	 0.3	 16

5500-6000	 0.1	 0.0	 0.0	 0.0	 0.0	 0.3	 0.1	 

6000-6500	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 

>6500	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 

Total	 19.8	 18.4	 17.5	 17.4	 16.8	 16.4	 -3.4	 -17

Period	 GC at period end (Km2)	 Diff (Km2)	 Duration (Y)	 N months (m)	 ONI (°C)	 ONI CV (%)	 GC var (Km2 y-1)

1970	 721	 	 	 	 	 	      

1971-1987	 618	 -103	 17.0	 204	 -0.06	 1455	 -6.06

1988-1996	 568	 -50	 9.2	 110	 0.13	 566	 -5.45

1997-2002	 599	 31	 5.9	 71	 -0.20	 100	 5.24

2003-2010	 488	 -111	 8.2	 98	 0.06	 1050	 -13.59

2011-2014	 494	 6	 3.9	 47	 -0.42	 103	 1.57

2015-2016	 449	 -45	 1.8	 22	 1.10	 65	 -23.48

Table 6. Glacier cover variation per year (GCvar) and mean value of ONI for six periods between 1971 and 2016

Fig. 11. Debris-covered glacier between 

Chopicalqui and Huascarán in 2013. 

Photo : W. Silverio.
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of only 2 % between the NDSI and the B4/B5 results, 
which makes the resulting estimates quite compara-
ble. Our own results for 1987, 1996 and 2002 confirm 
this. Allowing for rock outcrops within the glacier 
limits (which was not considered in a previous study 
(Silverio and Jaquet 2005)) decreased the glacial 
cover estimate in 1987 and 1996 by only 1.7 %. 

Pooling together the various glacier cover estimates 
provides a historical record of the cryosphere in Cor-
dillera Blanca between 1930 and 2016 (see Table 3). 
The decreasing trend in glacier cover is quite clear 
in Fig. 5. Whatever the method applied, all authors 
agree about the reality of glacial retreat during re-
cent decades (Silverio and Jaquet 2005 ; UGRH 2010 ; 
2013 ; Racoviteanu et al. 2008 ; Georges 2004 ; 2005). 
It is interesting, however, to examine the differenc-
es in various glacial cover estimates (Table 3 and 
Fig. 5). According to Georges (2004), the glaciers 
of the Cordillera Blanca covered an area of around 

800-850 km2 in 1930, which is the only data availa-
ble for this period. For 1970, the estimates by Georg-
es (2004) and Ames et al. (1988) differ by 51 km2, 
which is insignificant due to the mapping method-
ologies (manual delineation on aerial photographs). 
In 1991, Georges (2004) carried out glacial mapping 
manually on a colored composite of SPOT images 
from July 22, 1991 (covering the northern part of the 
Cordillera Blanca,) and June 2, 1987 (covering the 
southern part), a difference of four years. These im-
ages do not cover the entire Cordillera Blanca, and 
the area of glaciers outside these images was extrap-
olated by multiplying the area from 1970 by a factor 
of 0.88 (rate of retreat = 1990 area divided by 1970 
area) of Huascarán massif (Kaser et al. 1996). In ad-
dition, Georges (2004) believes that the cartograph-
ic error is less than 3 % (19 km2). Given that the area 
of ice cover for 1990 was based on a 20 m-pixel res-
olution, we believe that the cartographic error must 
be greater than 20 km2. In spite of these approxi-
mations, Georges (2004) estimate of 620 km2 falls 
within the uncertainty margin of our own computed 
value for 1987 (618 km2 ± 60).

Between 1996 and 2003, all estimates are in the 
range of 528-600 km2. The difference in glacial 
cover between Racoviteanu et al. (2008) (569 km2 
± 21) and UGRH (2010) (528 km2) is probably due 
to the methods and the satellite images used. Raco-
viteanu et al. (2008) based their glacial mapping on 
SPOT images (20 m pixel) and had the same prob-
lem as Georges (2004) : for the glaciers not covered 
by the images, they also resorted to an extrapola-
tion. In contrast, UGRH (2010) used Aster images 
(15 m pixel). The present glacial cover estimate for 
2016 (449 km2 ± 56) is the lowest of the whole series. 
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Fig. 12. Debris-covered glacier cover evolution by altitude 

between 1987 and 2016 (km2) in Cordillera Blanca.

Fig. 13. Debris-covered glacier cover evolution (in % of 

total cover) by altitude between 1987 and 2016 in Cordillera 

Blanca. 

Fig. 14. Evolution of glacier cover change (PGCC; in %) 

with altitude for five periods between 1988 and 2016
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In a recent study, Burns and Nolin (2014) show that 
Cordillera Blanca’s glaciers covered 643.5 km2 in 
1987, 584 km2 in 1996 and 482.4 km2 in 2010. These 
differ from our own estimates by 2 % for 1987, 1 % 
for 1996, and 1 % for 2010. These small discrepancies 
are well within the error margins inherent to the 
methods used (atmospherically corrected images 
and NDSI by Burns and Nolin (2014), vs. a combina-
tion of NDSI and TM4/TM5 computed on raw DNs). 
Moreover, the dates are not the same for the 1987 
images. For the estimation of Cordillera Blanca’s 
glacial cover, UGRH (2010) considered only glacier 
bodies ≥ 0.005 km2 ; Racoviteanu et al. (2008) and 
Burns and Nolin (2014) fixed the limit at ≥ 0.01 km2 
in contrast with the value of ≥ 0.0027 km2 (3 pixel) 
in this work.

The reported uncertainties must be considered 
when looking at the differences between these es-
timates, whether across time within a given study 
or among various authors at a given date (Fig. 5). 
As indicated in table 3, this information is available 
in only the present study and from Racoviteanu et 
al. (2008) and is expressed by the Perkal or epsilon 
band in both instances. To quote Goodchild (1993), 
“ Although the Perkal band is a useful concept in 
describing errors in the representation of complex 
objects and in adapting GIS processes to uncertain 
data, it falls short of a stochastic process model of 
error ”. As a consequence, the Perkal band will great-
ly overestimate the true uncertainty. This means 
that the 8-12 % uncertainties affecting our glacial 
cover estimates (table 3) should be substantially re-
duced, thereby giving better credit to the reality of 
the overall multi-annual decreasing trend in Fig. 5. 

The second-degree fit represented on this figure 
(dotted line) indicates a nonlinear glacial shrinkage 
accelerating with time. The smoothed rate of change 
(expressed by the first derivative GC’) changes from 
-1 km2 y-1 in the 30s to -6 km2 y-1 in this century. 
Other studies have reported similar acceleration 
(see Paul and Haeberli 2008). 

The reality of glacial shrinkage is substantiated by 
ground observation by Peruvian glaciologists of the 
Broggi (Fig. 6) and Pastoruri glaciers (Figs. 7-9). 
The ground data are all within the uncertainty lim-
its of satellite-derived estimates. 

6.2. Evolution of glacier cover by altitude

Glacier cover has decreased at all altitudes between 
1987 and 2016 (Fig. 10A), although to varying de-
grees. The change per altitude (Table 4a, last col-
umn) ranges from -53 % at 4500 m to -5 % at 6000 m, 
showing a clear dependence on altitude. Over time, 

the percentage of glacier cover steadily decreases 
between 4500-5000 m, which is compensated by an 
increase above 5000 m (Figure 10B). An interest-
ing feature is visible on the graph of Figure 10A for 
altitudes between 4500 and 5000 m and even more 
between 5000 and 5500 m : there is a trend reversal 
in 2002 and 2014 with a small regrowth of glacial 
cover that matches a similar reversal in Figure 5. 
This phenomenon can be interpreted in relation to 
ENSO episodes.

Although the total glacier cover decreased by 27 % 
between 1987 and 2016 (Table 4B), the DCGs de-
creased by only 17 % (Table 5). This smaller ablation 
is also visible between 4000 m and 5500 m and is 
due to the protection by the rock debris cover from 
solar radiation. Pratap et al. (2015) observed 37 % 
less ablation of debris-covered ice than clean ice in 
the Himalayas. This effect was particularly strong 
in the lowest-altitude glacier tongues (Collier et al. 
2015) in the absence of supraglacial lakes (Basnett 
et al. 2013), where it can lead to fragmentation of the 
snout. As a consequence, the proportion of DCG’s 
at lower altitudes increases with time, as shown in 
Fig. 13, reaching 90 % between 4000 and 4500 m. 
The images from 2010 show a separation from the 
main Chopicalqui glacier for the debris-covered gla-
cier located between Chopicalqui and Huascarán 
(Llanganuco valley ; for the location see Fig. 1 ; for 
descriptions see Silverio and Jaquet 2003 ; 2009 ; Sil-
verio 2003). During our 2013 field trip, we observed 
that both parts are now separated by a rock wall 
100-200 m high (Fig. 11) and that the lowermost 
part is being colonized by vegetation (mostly Ichu). 
In 2003 UGHR (2010) identified 19 debris-covered 
glaciers (11 km2). Other studies mention neither the 
number nor the surface area of these glaciers (Raco-
viteanu et al. 2008 ; Burns et Nolin 2014). 

The glacial cover change for 1988-1996, 2003-2010, 
and 2015-2016 (Fig. 14) is inversely related to the al-
titude, but not linearly, and it is similar to the overall 
trend observed in the Swiss Alps between altitude 
and thickness losses (Paul and Haeberli 2008, fig. 2). 

6.3. ENSO and Cordillera Blanca.

El Niño and La Niña correspond to warm and cold 
phases of ENSO, respectively. ENSO has an impact 
on the temperature and precipitation in the Andean 
tropical and sub-tropical regions (Vuille et al. 2008). 
These hydroclimatic perturbations control the gla-
cier mass balance of Andean glaciers (Francou et al. 
1997) through reinforcement of the subtropical air 
pressure, which weakens the displacement of humid 
air from the Amazon towards the Andes. In Cor-
dillera Blanca, La Niña is associated with temper-
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atures lower than normal. In con-
trast, El Niño episodes are system-
atically associated with an increase 
in air temperature, depending on 
the event’s magnitude. At Queraco-
cha station (4050 m) the mean tem-
perature can rise by 0.2-0.6°C dur-
ing El Niño (Silverio 2007), causing 
the glaciers’ equilibrium line to rise 
between 150 and 300 m (Francou et 
al. 1997). In these conditions, rains 
can fall in the ablation zone and en-
hances the retreat.

However, as far as rainfall is con-
cerned, it is very difficult to char-
acterize an El Niño event in the 
Cordillera Blanca. It seems that the 
massif is a transition zone between 
a wetter north and a drier south 
(Pouyaud et al. 2003). As shown in 
Fig. 4, precipitation varies during El 
Niño episodes (Silverio 2007). Gla-
ciological observations of the Shal-
lap glacier (4750m) by Maussion et 
al (2015) indicate a deficit in precip-
itation during El Niño years and an excess during 
La Niña. They have also demonstrated that the in-
fluence of ENSO is stronger at lower altitudes but 
remains detectable at higher elevations. 

In Equator and Bolivia, ENSO has a similar impact 
on glaciers (negative mass balance during El Niño 
and positive or near-equilibrium during La Niña) 
(Francou et al. 2003 ; 2004). The same phenomenon 
has been observed in Cordillera Blanca (Vuille, et al. 
2008 ; Kaser et al. 2003). 

We have attempted to quantify the antagonistic in-
fluences of the El Niño and La Niña episodes by re-
gressing GCvar against the mean of ONIm (Fig. 15). 
For the six periods studied, the clearly negative val-
ues of ONIm indicate a predominance of La Niña in-
ducing a regrowth of glacier cover (1997-2002 and 
2011-2014), whereas a strong shrinkage occurs (-23 
km2 y-1 in 2015-2016) due to dominant El Niño epi-
sodes. The linear relationship fitted to the relative-
ly small number of ONIm/GCvar pairs makes sense 
(Francou et al. 2004) and may be provisionally ac-
cepted, but with due regard to the following : (a) 
How effectively ONIm represents the action of ENSO 
on glacier cover variation which might vary with the 
duration of the periods considered (from 22 to 204 
months). The longer the duration, the more chances 
there are to have a mix of El Niño and La Niña acting 
in an antagonistic way (Table 6). (b) Over a given 
period, the order of occurrences of El Niño and La 
Niña could play a part in the magnitude of GCvar. 

(c) The explaining power of the relationship sug-
gested in Fig. 5 is bound to be limited by the uncer-
tainty inherent to GCvar, which is dependent on the 
uncertainty of GC represented by error bars based 
on the Perkal band in Fig. 5. This concept lacks a 
solid statistical justification, so we cannot prop-
agate the error from GC to GCvar at this stage or 
precisely explain the spread of ONIm/GCvar pairs 
from either side of the trend line. (d) The variability 
of precipitations documented within the Cordillera 
Blanca (Fig. 4) could also blur the causal chain be-
tween ONIm and GCvar. Clearly, further explora-
tion is needed for the validity and possible predictive 
power of the Oceanic Niño Index on the rate of gla-
cier cover change.

The partition between negative and positive ONIm 
values (Fig. 15) can explain the two families of 
PGCC curves in Fig. 14. In 1997-2002 and 2011-2014, 
when ONIm < 0, La Niña induced a maximal glacier 
cover regrowth between 4500 and 5500 m. It also 
produced a transient trend reversal in the glacier 
cover evolution by altitude (Fig. 10A), while it re-
duced the number of ice bodies in 2002 and stabi-
lized their number in 2014 through favoring the coa-
lescence of glacier tongues (Fig. 5). 

The trend reversals in glacier cover observed in re-
cent years (Fig. 5) bear witness to their rapid reac-
tion to changing climatic conditions such as ENSO 
(Kaser et al. 2003 ; Vuille et al. 2008). To quote 
Kaser et al. (2003), “ After the 1997/98 El Niño, the 

Fig. 15. Relationship between the Oceanic Niño Index (ONIm; see definition in 

text) and GCvar, the yearly variation of glacial cover in Cordillera Blanca 

for six periods between 1971 and 2016. The correlation coefficient is 

significant at p = 0.95.
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glaciers in the Cordillera Blanca have experienced 
a mass gain leading to tongue advances which have 
started in 2001 (G. Kaser, field observations in May 
2001) ”. After El Niño (May 1997 - April 1998). May-
June 1998 were considered as neutral phase (NOAA, 
2016), and La Niña took place in the Andes for a long 
period (July 1998 - March 2001). Then, during La 
Niña 1998/2001, glaciers gained in their mass and 
surface, as recorded by the satellite images of 2002. 
This situation can explain the regrowth of glacier 
cover between1997 and 2002. 

z	7. Conclusions

By virtue of their repeatability, satellite images pro-
vide a diachronic record of the general state of gla-
ciers. As such, they represent an important source 
of information and provide the only possible over-
view of remote mountain ranges such as Cordillera 
Blanca. The satellite images Landsat TM, ETM+, and 
OLI with a 30-m pixel resolution allow cartographic 
monitoring of the glaciers with an uncertainty of ± 
10 %, as expressed by the Perkal band. However, the 
true error is probably lower in reality. Despite their 
slightly lower resolution compared to that of Spot 
images (20 m) and Aster (15 m), the much larger 
size (180 x 180 km) of Landsat imagery allows for a 
larger and cheaper coverage.

The exclusion of rock outcrops inside the glacier 
border only decreased the previously reported gla-
cial cover by 10 km2 in 1987 and 1996. Overall, in 
spite of differences in mapping methodologies, our 
glacial cover estimates and those of other authors 
are comparable, given the mentioned uncertainty 
margin. In particular, glacier cover estimates ob-
tained using the Landsat near-infrared band ratio 
and normalized difference snow index are not sig-
nificantly different. The general decrease in glacial 
cover seen in satellite imagery is beyond doubt, and 
it is confirmed by surveys carried out in the field : 
The Cordillera Blanca glacierized area was around 
825 km2 in 1930, and only 449 km2 in 2016, repre-
senting an overall loss of 46 % in 86 years. The trend 
appears to be nonlinear and was modeled by a sec-
ond-degree polynomial indicating an increase in loss 
rate with time, reaching 23 km2 y-1 between 2015 and 
2016 vs. 5 km2 y-1 in the 80’s. The decrease in cover 
is notable between 4500-5000 m and 5000-5500 m, 
and the latter altitude class is becoming more domi-
nant with time (over 60 %).

Upon superposing the overall decrease of glacier 
surface between 1987 and 2016 (negative chang-
es), there are two trend reversals showing a positive 
change in cover between 1997-2002 and 2011-2016, 
as well as a lower number of ice bodies, which most-

ly occurs between 4500 and 5000 m. Quantification 
of the role of ENSO in short-frequency glacier cover 
variation has been attempted by regressing the rate 
of change with the Oceanic Niño Index. This rela-
tionship shows a certain amount of dispersion that 
has to be explained but is nonetheless significant.
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