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Abstract

The value of glacier fluctuations as indicators of climate change detection has been
increasingly recognized in recent years. Tropical glaciers are of particular interest. The
Cordillera Blanca in Pertd (77°30'W, 9°S) is the largest glaciated area within the tropics. Its
20th-century fluctuations have been analyzed. The total ice coverage around 1990 was
obtained using optical satellite data SPOT XS. Based on the 1990 results, inventories and
estimates of the glaciation during the 20th century had to be corrected. The data in this
paper illustrate the general ice retreat in the tropical Cordillera Blanca: 620 km? in 1990,
660-680 km? in 1970, and 800-850 km? in 1930. The 1930 value documents the extent of
glaciation shortly after an intense advance in the 1920s. The Little Ice Age extent is
estimated as 850-900 km?. The ice recession during the 20th century was not constant but
was concentrated in two periods. Strong ice retreat occurred in the 1930s and 1940s and
intermediate retreat from the mid-1970s until the end of the century. The ice coverage at

the end of the 20th century is considered to be slightly below 600 km?.

Introduction

The value of glaciers as indicators of climate change has been
widely recognized and has been considered by the IPCC (IPCC, 2001).
The Terrestrial Observation Panel for Climate within the Global
Climate Observing System (GCOS/GTOS) recommended the obser-
vation of glacier extent as a key element of climate change detection
(GCOS, 1995). Besides the detailed monitoring of a few glaciers
worldwide, less precise regional data is useful to test and evaluate the
detailed measurements in a particular time and space. The goal of
monitoring glacier fluctuations on a global scale has led to the
establishment of worldwide databases such as the World Glacier
Inventory (WGI; Haeberli et al., 1998b, www.geo.unizh.ch/wgms/) or
the World Data Center A for Glaciology (WDC-A; Fetterer et al., 2002,
nsidc.org/wdc/). Still, these databases lack information about half of
the world’s glaciers (Haeberli et al., 1998a).

Contributions from glaciers in the low latitudes are of particular
interest for several reasons. Low-latitude glaciers are highly sensitive
components of the environment and seem to react more immediately to
fluctuations in climate than glaciers in the mid- and high latitudes
(Wagnon et al., 1999; Kaser and Osmaston, 2002; Francou et al.,
2003). They are receding rapidly, and the recession has accelerated in
the late 20th century. Finally, low-latitude glaciers are poorly
represented in the glaciological databases.

The Cordillera Blanca in northern Pert is the most extensively
glacierized area in the tropics and provides an excellent archive of
paleoclimate and glacier history (Thompson et al., 1995; Kaser and
Georges, 1999). Apart from the benefit for climate studies on a global
scale, knowledge of the Cordillera Blanca glacier fluctuations is of
interest on a regional scale. Concerns include the dry-humid seasonal
cycle, regional water resources management, and reference data for
tropical climate-glacier modeling.

The Cordillera Blanca is located in the Andes at 77°30"W 9°S and
stretches about 180 km from north-northwest to south-southeast; it
extends only 30 km longitudinally (Fig. 1). For 1970, Ames et al.
(1989) reported a glacier extent of 723 km?. The majority of the
Cordillera Blanca glaciers are thin, strongly crevassed, slope-type ice
bodies without pronounced glacier tongues. The few existing valley-
type glaciers form heavily debris-covered glacier tongues (Kinzl,
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1942). Ames et al. (1989) classified 61 valley-type glaciers (8.5%) out
of 722 total glaciers. Of the Cordillera Blanca ice extent, 71% (439
km?) drains to the Pacific Ocean (catchment Rio Santa), the rest (29%,
or 179 km?) to the Atlantic Ocean (catchment Rio Maranon).

The general character of the glacier fluctuations in the 20th
century is well documented for major phases of advance or retreat
(Ames and Francou, 1995; Kaser, 1999). Still, the precise ice extent is
not known for the respective stages. A comprehensive description of
the current knowledge is given by Kaser and Osmaston (2002) and is
summarized here. Scientific research in the region began in the 1930s
(Kinzl, 1935). The retreat of the Cordillera Blanca glaciers from the
Little Ice Age (LIA) maximum extent (Kinzl, 1935) began in the
second half of the 19th century. The glacier retreat at the begining of
the 20th century was mentioned by, e.g., Sievers (1914) and Broggi
(1943). The retreat turned into a sudden powerful readvance in the
1920s that reached almost the former LIA extent (Kinzl, 1949;
Kaser and Osmaston, 2002). Two maps in scale 1:100,000 (Borchers,
1935a; Deutscher Alpenverein, 1945) surveyed by Kinzl (1942, 1949)
give a rough shape of the glaciers shortly after this readvance. In the
1930s and 1940s the glaciers again retreated rapidly (Kinzl, 1949; Ames
and Francou, 1995; Kaser and Georges, 1997). The following two
decades brought only minor ice recession (Kaser et al., 1996; Ames,
personal communication). Aerial photographs from the years 1948—
1950, 1962, and 1970 document this period (Kaser and Osmaston,
2002). The 1970 photographs gave the basis for a comprehensive
Cordillera Blanca glacier inventory (Ames et al., 1989). This is the only
detailed analysis of ice extent until the present. During the first half of
the 1970s the glaciers were in equilibrium, or even advancing slightly
(Kaser et al., 1990) as a result of positive mass balances (Kaser, 2003).
Since then, the glaciers have increasingly retreated, at least until the
1997-1998 El Nifio event. Morales Arnao (2000) estimated the
Cordillera Blanca ice coverage in 1997 at 611 km? on the basis of
satellite data.

After the 1997-1998 El Nifio, prevailing La Nifia conditions led
to low temperatures and weak dry seasons, which resulted in
continously snow-covered glacier tongues and at some glaciers slight
advances (1999-2002 field observations of the Tropical Glaciology
Group, Innsbruck). Reconstructed ice extents of single glaciers
(Hastenrath and Ames, 1995a, 1995b; Ames and Hastenrath, 1996)
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FIGURE 1. The Cordillera Blanca in northern Perii. Gray shadings
refer to ice extent in 1970 with names of the 12 mountain groups.
Quebrada Honda (in italics) divides the northern and southern part.
The dashed line documents the coverage of the SPOT satellite scenes.
The inlay shows the Cordillera’s position in South America.

and in two mountain groups (Kaser et al., 1996; Kaser and Georges,
1997) for different periods of the 20th century support the fluctuation
scheme described above. Ames (1998) documented the rapid de-
velopment of proglacial moraine-dammed lakes, which is connected
with phases of ice retreat. These proglacial lakes are monitored
continuously (Morales et al., 1979) for potential outbreaks due to
failures of the ice-containing moraines (Kinzl, 1940; Lliboutry et al.,
1977a, 1977b). The lake monitoring has also produced time series for
the recession of some glaciers (Ames, 1998).

In this paper, I present a new calculation of the actual ice extent of
the Cordillera Blanca. Its derivation from optical satellite data is
discussed for reliability and uncertainties. Using this new ice extent
figure and previous detailed analysis of ice recession in the Huascaran
group (Kaser et al., 1996) and the Santa Cruz group (Kaser and
Georges, 1997) (Fig. 1), the 1930s maps (Borchers, 1935a; Deutscher
Alpenverein, 1945) and the 1970 glacier inventory (Ames et al., 1989)
are critically reviewed in order to (re)quantify the areal changes during
the 20th century for the stages 1990, 1970, and 1930.

TABLE 1

Covered area, date of scanning, and path/row of the SPOT XS scenes
used in this study

Location Date Path—Row
Cordillera Blanca north 22.07.1991 646—368
Cordillera Blanca south 02.06.1987 646—369

Glaciation About 1990

I used two SPOT (Systeme Probatoire d’Observation de la Terre)
XS satellite scenes to extract the recent ice extent of the Cordillera
Blanca. The scenes—the southern one taken in 1987, the northern in
1991 (Table 1)—cover about 90% of the Cordillera Blanca glaciers.
Optical satellite data, predominantly LANDSAT and SPOT, have often
been successfully applied for the delineation of glaciers (Dowdeswell
and Williams, 1997; for a comprehensive overview, see, e.g., Konig et
al., 2001). The XS sensor of the SPOT platform provides three spectral
bands (green, 0.50-0.59 um; red, 0.61-0.68 um; near infrared, 0.79—
0.89 um) at a nominal nadir pixel size of 20 X 20 m. No newer optical
satellite scenes with sufficient spatial resolution and free from clouds
and fresh snow existed in 1998, when the mapping was carried out.
Landsat TM satellite data as used by Morales Arnao (2000) had been
excluded due to minor resolution. The resulting glacier mask can be
regarded as “ca. 1990” (Table 1). The delination of the glaciers has
already been used for the map “Cordillera Blanca, Nord (Pert),” scale
1:100,000, by the Austrian Alpine Club (Oesterreichischer Alpenver-
ein, 2000; Moser et al., 2000).

Both raw scenes were rectified using a high-resolution Digital
Elevation Model (DEM) and geocoded to UTM zone 18. The DEM is
based on 50-m contour lines and trigonometric points taken from 3
map sheets of the Carta Nacional del Perd, scale 1:100,000 (Instituto
Geografico Nacional, 1986). The contour lines originate from
mapsheets in scale 1:25,000 (Direccién Generdl de Reforma Agraria
y Asentamiento Rurél, 1972), actually providing higher precision than
can be expected for scale 1:100,000. The DEM was computed with the
SURFER software (Golden Software, 1997) using Kriging algorithm
with default settings to 20-m pixel size. The rectification was carried
out using the PCI Satellite Orthorectification package (PCI, 1997). The
Satellite Orthorectification package considers not only ground control
points (GCPs) but also the platform’s orbit and attitude in space. Thus,
rectification results are generally better than those obtained using the
usual applied methods. This quality was especially essential for the
northern scene. While the southern scene is a nadir view, the northern
one is an oblique image with a tilt angle of 14°. Due to the tilting, the
northern scene evinces additional geometric bias, which complicated
the identification of reliable GCPs. Consequently, the average residual
root mean square (RMS) error of the GCPs used for the orthorecti-
fication of the southern scene is 20.2 m, whereas the respective value of
the northern scene is 29.5 m. Visual comparisons of contour lines, the
DEM, and the geocoded SPOT data confirmed the reliable rectification
result. The rectified scenes were mosaiced along the Quebrada Honda
(Honda valley; Figs. 1 and 2). Detailed information on the DEM gener-
ation and preprocessing of the satellite data is given in Georges (1998).

The ice extents were then interpreted visually to ensure high
precision and subsequently digitized to a Geographic Information
System (GIS) database. Attempts with automated classification
algorithms were unsatisfactory due to the small number of available
spectral channels (Georges, 1998). Most slope-type glaciers in the
Cordillera Blanca reside on moderately steep slopes of polished
granodiorite. Those glaciers have little or no debris. Thus, the ice edge
could be easily delineated due to the contrast of the ice and the
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FIGURE 2. The rectified SPOT scenes showing the Cordillera
Blanca “ca. 1990.” The boundary between the northern scene (646—
368, 22 July 1991) and the southern scene (646369, 2 June 1987) is
shown by the red line. Channel combination: red, XS1; green (3 * XS1
+ XS3)/4; blue: XS3.

granodiorite. Nevertheless, there are limitations and uncertainties in the
obtained areas for the following reasons.

o Coverage of the satellite data: The very northwestern and
southern edges of the Cordillera Blanca are missing in the
satellite scenes (compare Figs. 1 and 2). These parts (mountain
groups Champara, Pilanco, and western Santa Cruz in the north,
Pongos and Caullaraju in the south) were added using the 1970
values given by Ames et al. (1989). The 1970 values have been
corrected to 1990 by the factor of recession from 1970 to 1990
in the Huascaran massif (Kaser et al., 1996), which is 51.4 km?/
58.4 km” = 0.88.

o Resolution of the satellite data: The spatial precision of the
interpretation is limited mainly by the pixel size of the SPOT XS
sensor, since the geocoding attributes only small additional
uncertainties. Because spatial elements or patterns must extend
a few pixels for recognition, the spatial precision of the inter-
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FIGURE 3. Fast development of Laguna Arhueycocha (Cordillera
Blanca, Perii): only small ponds exist in 1987 (arrows in SPOT scene,
above), whereas the lake fills the whole end moraine in 1995
(Alpenverein map “Cordillera Blanca Nordteil,” scale 1:100,000,
below, based on 1995 surveying).

pretation is 2—4 pixels for most parts. In the case of clearly
visible ice edges, the precision of the delineation is in pixel
resolution.

e Clouds: A few clouds existed on the northern edge of the
Contrahierbas glaciers (Figs. 1 and 2), so the glacier limit for
that area was estimated. Nevertheless, the error is small because
the clouds were not extensive. All other ice-covered areas were
free of clouds.

e Bergschrunds: Bergschrunds separate the dynamically active
glaciers from ice-covered steep slopes, which are dynamically
inactive. Due to the resolution of the satellite data, those
bergschrunds are usually difficult to recognize. The delineation
of the active glaciers was done by comparing features in the
satellite data and the contour lines (slope).

e Debris coverage: This is the most prominent source of
uncertainty in the interpretation and delineation of the glacier
coverage. The few valley-type glaciers in the Cordillera Blanca
are heavily debris covered, at least on their lower portions. Due
to the extensive debris cover, it is difficult to distinguish
whether (1) there is still ice in the body, and (2) this ice is still
active. Those parts were delineated by the shape (concave or
convex) of the surface. Only clearly concave surfaces, which
document moving ice, were attributed to glaciers. This problem
may result in a small underestimation of some glaciers.

The uncertainties were minimized by comparisons with many
recent terrestrial photographs taken during the mapping by Alpenver-
ein cartographers (Oesterreichischer Alpenverein, 2000) in 1995.

The sum of the ice-covered area in the Cordillera Blanca around
1990 was 619 km? according to analysis of the SPOT scenes. Table 2
lists the surface ice value in the Cordillera Blanca mountain groups
from north to south. The Pilanco glaciers are usually attributed to Santa
Cruz but have been treated separately for better comparability with
Kaser and Georges (1997). Since the aforementioned problems affect
only small areas and could be partly solved, the error can be estimated
as less than 3%.

Ice Extent in 1970

The only exhaustive glacier mapping of the Cordillera Blanca
available so far was carried out by Ames et al. (1989) as part of the



TABLE 2

Glaciated area of the mountain groups in the Cordillera Blanca

around 1990. The mountain groups are arranged from north to south.

Italics refer to corrected values from Ames et al. (1989). For locations,
compare with Figure 1

Mountain group Area (km?)
N Champara 14.0
Pilanco 9.7
Santa Cruz 80.8
Huandoy 71.0
Huascardn 51.4
Contrahierbas 28.0
Hualcdn 90.1
Copap 32.5
Chinchey 110.6
Huantsan 70.2
Pongos 32.0
N Caullaraju 284
Cordillera Blanca total 618.8

Glacier Inventory of Peri. Ames et al. (1989) used the 1970 aerial
photographs (for some missing parts, they used those from 1962) and
obtained a total ice coverage of 723 km? for 1970. (The sum obtained
from individual tables for different catchments in Ames et al. [1989] is
724 km? [see Table 3].)

The Huascaran group (Fig. 1) was analyzed a second time by Kaser
et al. (1996) from the same 1970 aerial photographs. This analysis
provided an opportunity for an evaluation of the mapping by Ames et al.
(1989). Whereas Ames et al. (1989) estimated the 1970 ice extent of
the group at 61.5 km?, Kaser et al. (1996) found a total of 58.2 km?.
The following reasons can be given for the difference of more than 5%:

e The Glacier Inventory of Pert (Ames et al., 1989) was prepared
for all of Perd, with several cartographers mapping for some
years. Thus, the perspective of that inventory is less detailed
and precise than that of Kaser et al. (1989).

o [ce-free areas within the glaciers were mapped very roughly and
consequently may have been underestimated by Ames et al.
(1989).

o The areal values were obtained by Ames et al. (1989) using
planimeters, which may overestimate small areas. Kaser et al.
(1996) used a GIS for the areal analysis.

To obtain more accurate values for 1970, the original sketch maps
by Ames et al. (1989) were digitized to the existing GIS database of the
Cordillera Blanca and joined with the “ice-free areas within the
glaciers” layer from the “ca. 1990 satellite data. Although this is
a 1990 layer, it pictures the ice-free areas more accurately than the
1970 sketch maps. The 1970-1990 change in ice-free areas within the
glaciers was small, which could be confirmed by visual comparisons of
the 1970 aerial photographs and the satellite data.

Differences of the glacier boundaries given by Ames et al. (1989)
and Kaser et al. (1996) mainly exist on the tongues of the valley-type
glaciers. Again, the thick debris cover leads to uncertainties in the
interpretation. Whereas Ames et al. (1989) generally counted inactive
ice bodies as part of the glaciers, Kaser et al. (1996) figured the glaciers
to end where a visible bulge delimited the active from the inactive ice.
Furthermore, deviations are found on some glaciers that end on the
granodioritic slopes. Here, the glacier forefields are usually polished,
so, depending on the illumination angle, these granodiorites may
appear very bright in the aerial photographs. In some cases these areas
were considered to be ice by Ames et al. (1989).

Due to the given reasons, the Huascaran extent provided by Kaser

et al. (1996) is regarded as more precise. Thus, the values obtained
from the digitized 1970 sketch maps were scaled by 0.95 (i.e., ice
extent Huascardn: Kaser et al. (1996)/Ames et al. (1989) = 58.2km?/
61.5km?), assuming a general overestimation by Ames et al. (1989).
Table 3 shows the 1970 extents given in the Glacier Inventory of
Perd (Ames et al., 1989) and reevaluated as described above. Due to
the strict delineation of uncertain tongues, the reevaluated values in
Table 3 have to be taken as lower boundary for the 1970 ice extent.
Thus, the total ice coverage of 1970 in the Cordillera Blanca was 660
km? minimum and most likely between 660 and 680 km?.

Glacier Extent in the 1930s

The maps “Cordillera Blanca” and “Cordillera Blanca—Stidteil”
(Borchers, 1935a; Deutscher Alpenverein, 1945, respectively) in scale
1:100,000 served for an approximation of the glacier extent in the
1930s. The northern part was surveyed in 1932 by Borchers (1935b)
and Kinzl (1942); the southern part is the result of a 1939 expedition by
Kinzl (1949). Both maps were produced using terrestial photogram-
metry techniques. The ice extents shown in the maps are close to the
extent of the 1920s advance, since the most advanced position of the
glacier tongues lasted until the end of the 1920s (Kinzl, 1942).

The ice limits were digitized to the GIS database, but the resulting
areal values have to be taken as rough estimates for the following
reasons:

o Although the expeditions surveyed most of the Cordillera
Blanca valleys, some were not visited. The shape of these areas
(glaciers, contour lines, terrain) was entirely guessed.

o Comparisons of the shape of the contour lines to the actual
“Carta del Peri” reveal differences even in surveyed areas.

e The shape of the glaciers is very smooth and seems to be
strongly generalized. Furthermore, ice-free areas within the
glaciers have been underestimated, as confirmed by compar-
isons of the maps and the original glass plates used for the
production of the maps (the glass plates are part of the Kinzl
photo archive at the Department of Geography, University of
Innsbruck).

e It was not possible to geocode the maps to UTM zone 18 (like
the other GIS data sets) since the maps are projected to a local

TABLE 3

Glaciated area in km? of the mountain groups in the Cordillera Blanca

in 1970 as given in the Glacier Inventory of Perii by Ames et al. (1989)

and reevaluated as described in the text. The mountain groups are
arranged from north to south

Area 1970 (km?)

Glacier inventory of Pert Reevaluation,

Mountain group (Ames et al., 1989) this paper
N  Champara 18.1 15.0
Pilanco 13.0 11.0
Santa Cruz 89.2 83.0
Huandoy 103.6 81.9
Huascaran 61.5 58.4
Contrahierbas 36.4 34.4
Hualcan 104.9 96.9
Copap 34.0 33.8
Chinchey 122.1 113.2
Huantsan 72.7 68.5
Pongos 36.4 332
S Caullaraju 32.3 29.3
Cordillera Blanca 724.2 658.6
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TABLE 4

Estimates of ice coverage of the Cordillera Blanca mountain groups in
the 1930s taken from maps by Borchers (1935a) and Deutscher
Alpenverein (1945). Values obtained by aerial photograph analysis
refer to Kaser et al. (1996), Georges (1996), and Kaser and Georges
(1997). The mountain groups are arranged from north to south

Area 1930s (km?)

Mountain group Maps Aerial photographs
N Champara 19
Santa Cruz (with Pilanco) 132 93
(without Pilanco)
Huandoy 110
Huascardn 85 71
Contrahierbas 46
Hualcdn 116
Copap 38
Chinchey 144
Huantsan 95
Pongos 39
S Caullaraju 33
Cordillera Blanca total 857

photogrammetric net with unknown parameters. An approach
using GCPs failed.

e The areal analysis was carried out by obtaining values from the
digitized sources in the local net coordinates and then
subtracting “ice-free” values taken from the “ice-free areas
within the glaciers (1990)” layer for the respective mountain
groups. Although very rough, this procedure still seemed more
reliable than ignoring ice-free areas.

Table 4 lists the results for the glacier area in the 1930s. The
maximum ice extents during the 1920s advance were also derived for
the Huascaran (Kaser et al., 1996) and Santa Cruz groups (without
Pilanco) (Georges, 1996; Kaser and Georges, 1997) from the 1950
aerial photographs, where the 1920s moraines appear fresh and
pronounced. Comparison of the respective values (Table 4) reveals
huge deviations for these groups between the maps and the aerial
image analyses. Accounting for similar deviations in other groups and
because of the rough data processing, the ice extent during the advance
can be given only in the range of 800-900 km>.

Discussion

Quantitative information on the recent glacier extent of the
Cordillera Blanca was missing or doubtful. The detailed analysis of
the glacier coverage “ca. 1990” presented here closes this gap. The
glaciers were receding strongly around 1990. Therefore, the extent has
to be regarded as a snapshot in a dynamic situation. Thus, the time gap
of 4 yr may result in notable changes between the derived extents in the
northern part (1987 scene) and the southern part (1991 scene). The fact
could be confirmed by comparisons of the satellite scenes and the
aforementioned terrestrial photographs and surveys (Oesterreichischer
Alpenverein, 2000) taken in 1995. Especially on the valley-type
glaciers, rapidly changing inactive ice surfaces and active or inactive
ice thresholds could be identified (Ames, 1998). For example, the
moraine-dammed Laguna Arhueycocha (Santa Cruz group) had
developed to 600-m length in 1995, whereas there are only a few
small ponds in the 1987 satellite scene (Fig. 3). This comparison
documents the intensified ice loss in the first half of the 1990s.

According to the “ca. 1990 extent, reports of the Alpenverein
cartographers (Oesterreichischer Alpenverein, 2000), and repeated

104 / ARcTIC, ANTARCTIC, AND ALPINE RESEARCH

fieldwork in the 1990s by the Tropical Glaciology Group, Innsbruck
(Georges and Kaser, 2002), the period of strong ice retreat lasted at
least until the 1997-1998 EI Nifio event. Thus, a total ice coverage of
slightly below 600 km? can be assumed for the end of the century,
whereas the 1997 value of 611 km? given by Morales Arnao (2000)
must be considered slightly overestimated. Furthermore, Morales
Arnao (2000) provided no information about how the 1997 extent was
derived. As a consequence of the prevailing strong La Nifia conditions
after the 1997-1998 El Nifio episode (Wang and McPhaden, 2001),
some glaciers stopped retreating or have even slightly advanced since
1998 (unpublished measurements and observations during fieldwork,
1999-2002, by members of the Tropical Glaciology Group, Inns-
bruck). In general, the impact of the El Nifio Southern Oscillation in
the Cordillera Blanca region seems to be restricted to temperature
fluctuations (Francou et al., 1995), whereas influence on precipitation
amounts is small in this part of the Andes (Aceituno, 1988). Still,
slightly weakened dry seasons as observed after 1997 had a marked
impact on the glaciers’ mass balance (Wagnon et al., 1999).

It has already been shown that the ice coverage in 1970 was
overestimated by Ames et al. (1989) by up to 10% (Table 3).
Following the corrected 1970 values presented here, the total surface
ice extent in 1970 was about 6% larger than “ca. 1990.” In Table 5
only those groups are shown that are covered by the SPOT scenes. The
northern mountain groups have notably higher relative values than the
southern ones, except Santa Cruz. However, further comparisons with
Kaser et al. (1996), Georges (1996), Kaser and Georges (1997), and
1970 aerial photographs led to the impression that the reason for these
values was more a nonhomogeneous quality of the photo interpretation
by Ames et al. (1989) than a clear spatial pattern in ice retreat.
Accordingly, the values for 1970 given in Tables 3 and 5 should be
used with care. Nevertheless, the general ice retreat is remarkable, even
more so because an areal loss of 6% happened within 15 yr, since the
Cordillera Blanca glaciers were in steady state or slightly advancing
until 1975 (Kaser et al.,, 1990; Hastenrath and Ames, 1995a).
Furthermore, the ice shrinkage lasted for nearly 1 decade more and
intensified in the 1990s.

Table 6 lists the ice extents in the detailed analyzed mountain
groups (Kaser et al., 1996; Kaser and Georges, 1997) compared to the
“ca. 1990” extent. According to the table, the corrected 1970 values
approximate the ice extent for the preceeding 2 decades. Therefore, the
ice extent at the end of the 1930s—1940s retreat phase must have been
below 110% of the “ca. 1990 extent.

The 1930s maps were surveyed shortly after the 1920s readvance
and give an estimate of the advanced glacier extents. Since the
readvance nearly reached the LIA moraines (Kinzl, 1949; Kaser and

TABLE 5

Ice extent in the Cordillera Blanca in 1970 and the 1930s compared to
the ca. 1990 situation in %. The mountain groups are arranged from
north to south

Ice extent in % of 1990

Mountain group 1970 1930

N  Santa Cruz 103 145
Huandoy 115 155
Huascaran 114 165
Contrahierbas 123 164
Hualcén 108 129
Copap 104 117
Chinchey 102 130

S Huantsan 98 135
Cordillera Blanca total 106 139




TABLE 6

Surface ice area in 1930, 1950, 1970, and 1990 in the mountain
groups Huascardan and Santa Cruz as given by different authors
(values for 1990 refer to this paper)

Huascaran (km?) (% of 1990) Santa Cruz (km?) (% of 1990)

Ames et al. Kaser and Ames et al.
Kaser et al. (1989) Georges (1989)
Year (1996) reevaluated (1997) reevaluated
1930 71.0 (138) 93.7 (166)
1950 59.3 (115) 84.2 (104)
1970 58.2 (113) 58.4 (114) 83 (103)
1990 51.4 (100) 80.8 (100)

Osmaston, 2002) they may also be considered an approximation of the
LIA extent. The percentage for the mountain groups in the 1930s
compared to the 1990 SPOT extent deviates from 117 to 165% (Table
5). A general advanced position of all Cordillera Blanca glaciers in the
1920s was reported but seems to have been more uniformly distributed
(Kinzl, 1942, 1949). The higher values of the northern groups are an
artifact of the maps. The northern map was produced first and is much
more generalized, whereas the southern map is detailed with features
such as rock islands and moraines. Regarding the southern map as
more precise, the ice extent after the 1920s readvance was about 130%
of “ca. 1990,” or 800-850 km? .

Still, the 1930s—1940s shrinkage of the glaciers was very strong:
about 20% of the “ca. 1990” extent, or more than 100 km? areal loss
within 20 yr. Thus, the intensity of the 1930s—1940s retreat was more
pronounced than that of the one at the end of the century. Even reflecting
the increasing recession during the 1990s, the retreat phase at the end of
the 20th century surely did not result in an areal loss of 100 km?.

The LIA extent must have been slightly higher than the 1920s
readvance (850-900 kmz) (Kaser and Osmaston, 2002). The minimum
extent between the LIA and the 1920s readvance cannot be obtained
from the sources used in this investigation. It must have been clearly
below the extent shown on the maps, since the readvance was marked.

Figure 4 is an updated graph already presented by Kaser and
Osmaston (2002). The knowledge of the 20th-century glacier
fluctuations in the Cordillera Blanca is adapted to the new and
(re)evaluated ice extents in Figure 4. The ice loss during the 20th
century affected the glacier types in the Cordillera Blanca in different
ways. Small-scale and low-lying glaciers vanished. Slope-type glaciers
receded mainly by a rise of the lower boundary, parallel to the
contours. Accordingly, their shape did not change much. The valley-

type glaciers usually lost most of their tongues and thus changed shape.
Nowadays, only inactive ice—buried by a huge debris cover—is left of
the former glacier tongues. The shape of the former valley-type glaciers
more and more approaches the shape of the slope-type glaciers. As
a result, the ice cover of the Cordillera Blanca is more exposed to direct
radiation today than it was earlier in the last century.

Conclusions

Combining good qualitative knowledge and new quantative
results, a consistent figure for the 20th-century Cordillera Blanca
glacier fluctuations could be obtained. Data are based on detailed
analysis of “ca. 1990” satellite data and (re)evaluations of former
interpretations of aerial image and maps. According to the results, the
Cordillera Blanca’s ice coverage was 620 km? around 1990, 660-680
km? in 1970, 800-850 km” in 1930, and 850-900 km” at the end of the
LIA maximum. The ice recession during the past century was not
uniformly distributed in a temporal view but was strong in the 1930s
and 1940s and intermediate from the mid-1970s until the end of the
century. Between these two periods, the recession was small. The
beginning of the century was characterized by a glacier recession of
unknown extent, followed by a marked readvance in the 1920s that
nearly reached the Little Ice Age maximum.

The glacier fluctuations at the end of the 20th century show some
very interesting features, which should be monitored continously by
means of remote sensing and local surveys. Recent optical satellite
data, such as ASTER or Landsat ETM+, can help delineate the actual
ice extent of the complete Cordillera Blanca to determine the recession
since 1990. They are planned within the GLIMS (Global Land Ice
Measurements from Space) initiative. High-resolution field surveys can
document ongoing small-scale fluctuations at the turn of the millenium.

The 1990 and 1970 ice extents, as well as the high-resolution
Digital Elevation Model covering the complete Cordillera Blanca, are
managed in a homogenous GIS database, which enables the use of
a wide range of further analyses on different scales. A first application
has been published by Kaser et al. (2003).
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