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Abstract. Glaciers in the tropical Andes of southern Peru as glacial regions have decreased, 77 % of lakes connected
have received limited attention compared to glaciers into glacial watersheds have either remained stable or shown
other regions (both near and far), yet remain of vital im- a roughly synchronous increase in lake area, while 42 % of
portance to agriculture, fresh water, and hydropower sup{akes not connected to glacial watersheds have declined in
plies of downstream communities. Little is known about area (58 % have remained stable). Our new and detailed data
recent glacial-area changes and how the glaciers in thi®n glacial and lake areas over 37 years provide an important
region respond to climate changes, and, ultimately, howspatiotemporal assessment of climate variability in this area.
these changes will affect lake and water supplies. To remThese data can be integrated into further studies to analyze
edy this, we have used 158 multi-spectral satellite imagesnter-annual glacial and lake-area changes and assess hydro-
spanning almost 4 decades, from 1975 to 2012, to obiogic dependence and consequences for downstream popula-
tain glacial- and lake-area outlines for the understudiedtions.
Cordillera Vilcanota region, including the Quelccaya Ice
Cap. Additionally, we have estimated the snow-line altitude
of the Quelccaya Ice Cap using spectral unmixing methods.
We have made the following four key observations: first, 1 Introduction
since 1988 glacial areas throughout the Cordillera Vilcanota
(1988 glacial area: 361 kfn have been declining at a rate Glaciers are thought of as excellent indicators of climate
of 3.99+ 1.15knfyr~1 (22 year average, 1988-2010, with change, as small climate variations can produce rapid glacial
95% confidence interval (Cly; = 8 images). Since 1980, changes (e.g., Soruco et al., 2009; IPCC, 2007; Vuille et
the Quelccaya Ice Cap (1980 glacial area: 63.%)dmas been  al., 2008a; Rabatel et al., 2013). Changes to small tropical
declining at a rate of 0.5%0.10kn?yr—! (30year average, glaciers, such as those found in the central Andes of South
1980-2010, with 95% Ch = 14). Second, decline rates for America, are difficult to predict as the coarse resolution of
individual glacierized regions have been accelerating dur-global climate models makes resolving the steep topography
ing the past decade (2000-2010) as compared to the precedf mountain areas difficult (Vuille et al., 2008a). Yet glacial
ing decade (1988-1999) with an average increase from 37.fetreat and mass-balance loss as a result of warming trends
to 42.3x 103 km?yr—1km~2 (13 %). Third, glaciers with may have significant consequences in this region: the cur-
lower median elevations are declining at higher rates tharrent state and future fate of Andean glaciers and seasonal
those with higher median elevations. Specifically, glacierssnow cover are of central importance for the water, food, and
with median elevations around 5200 ma.s.l. are retreatingpower supplies of densely populated regions in countries in-
to higher elevations at a rate of 1myr ! faster than cluding Peru and Bolivia (Kaser et al., 2010; Barnett et al.,
glaciers with median elevations around 5400 ma.s.l. Fourth2005; Bradley et al., 2006). Despite heavy dependence on
the seasonal buffering provided by Andean glacial meltwater
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(e.g.,~ 80 % of Peru’s energy is hydropower) (Vergara et al., P
2007), observation and understanding of these terrestrial wi ; IS R it
ter stores and fluxes remains poor. Additionally, glacial re- 3 Boreasmmr s
treat not only has consequences for water supplies, but alsc
for related natural hazards, including avalanches and glacial
lake outburst floods (GLOFs), which are likely to become
more common (Huggel et al., 2002, 2010; Carey, 2005).
Glaciers in many parts of the tropical Andes are retreating
and losing mass (IPCC, 2007; Vuille et al., 2008a; Bradley &
et al., 2006; Rabatel et al., 2013). Mass-balance studies exist ) _ _
throughout the central Andes (Vuille et al., 2008b; Kaser and™'9 1. Location of the study area ¢a) South American conti-

. . 1ent, (b) topography andc) rainfall for the northern and central
Georges, 1999; Thompson et al., 2006; Soruco et al., ZOOd;\ndes. Red rectangle ifa) indicates the area covered in panels

Rapatel etal., 2013), bl,Jt arg both spatially and Femporally(b) and(c). Included in(b) are some tropical glaciers (colored ac-
limited. Consequently, little is known about the timescales corging to mean glacial elevation) from the World Glacier Inven-
and equilibrium conditions of the vast majority of tropical tory (WGMS and NSIDC, 1989), and ifb) and (c) the Amazon
Andean glaciers, and how climate variability affects their drainage basin is denoted by the thin black line, and the northern
mass balances. In Peru, most studies have focused on glacigsart of the internally drained Altiplano-Puna Plateau is displayed
in the Cordillera Blanca, which represents the largest glacierby a white line. Topographgb) is derived from the Shuttle Radar
ized mountain range in the tropics (Georges, 2004; SilverioTopography Mission (SRTM) DEM, and mean annual raine)l

and Jaquet, 2005; Racoviteanu et al., 2008a). However, this based on satellite-derived estimates using Tropical Rainfall Mea-
second largest mountain range in Peru, the Cordillera Vil-Surement Mission (TRMM) product 2B31 averaged from 1998 to
canota (CV), south-east of the Cordillera Blanca (Fig. 1), has?010 (Bookhagen and Strecker, 2008, 2012; Bookhagen and Bur-

. . . ank, 2010). The small black rectangle in pand}s and (c) in-
received much less attention to date. The CV is home to th%icates the more specific study area of the Cordillera Vilcanota

Quelccaya Ice Cap (QIC), the earth’s largest tropical ice CaP(cv) and the Quelccaya Ice Cap (QIC). Image(@) is courtesy
one of the few sites of long-term glacier research in this re-4t Google Earth.

gion; Dr. Lonnie Thompson and his Ohio State University
research group have been visiting and monitoring the ice cap
since 1974. While Thompson and others (Thompson, 1980;
Thompson et al., 1979, 1985, 2006; Brecher and Thompsonyith populations highly dependent on the glaciers and their
1993; Hastenrath, 1978, 1998) have a long research history imeltwaters (in this case, specifically, the moderately densely
the Quelccaya region, others are continuing research in thipopulated region of Cusco; Salzmann et al., 2013), it is im-
region also (e.g., Salzmann et al., 2013; Mark et al., 2002portant to study how these lakes are changing with respect
Albert, 2002, 2007; Klein and Isacks, 1999). to the glaciers. The CV also extends into the Puno region of
As an icon of Andean glaciology and a region where Peru, but predominantly provides water to the Cusco region.
glacial outlines are still minimal or lacking, for this study  We also investigated snow-line changes for the QIC. Trop-
we have focused on the CV region and the QIC, where, acical glaciers behave differently than high-latitude glaciers,
cording to Salzmann et al. (2013), “a comprehensive studyand the automated methods previously used to delineate the
on recent glacier changes ...is still lacking”. While their snow line or equilibrium line altitude (ELA) in other regions
study begins to address this, our study goes further to fillglobally (Hall et al., 1987; Bronge and Bronge, 1999; Math-
the data paucity in this region by using a total of 158 multi- ieu et al., 2009; Yu et al., 2012) have proven unsuccessful
spectral satellite images to obtain glacier and lake area outin our study region. In an effort to determine a consistent
lines in the CV region, for a time series that spans almostautomated algorithm to delineate the snow line and differ-
4 decades (1975-2012). Additionally, we approximate theentiate between snow and ice on the glaciers, this study fol-
snow-line altitude of the QIC using three images, spanninglows on from methodology suggested for this region by Klein
21years (1988—-2009). We detail the methods used to outlinand Isacks (1999) relying on spectral unmixing to investigate
the glacierized areas in this region, in addition to many of thesnow-line changes for the QIC.
lakes, specifically proglacial, not subglacial or supraglacial Using the 158 multi-spectral satellite images, we (1) pre-
lakes. In some previous lake classification studies, Huggeprocessed the imagery (georeferenced and co-registered), (2)
et al. (2002) investigated a method to delineate lakes forapplied various classification methods to the imagery to de-
assessing the hazards of GLOFs in the Swiss Alps, whildineate glacial and lake area outlines best, and (3) used spec-
Wessels et al. (2002) focused on supraglacial lakes and theal unmixing to distinguish between snow and ice on a
methods used to delineate those in the Himalayas. Gardellglacier to approximate the change in the snow line of the QIC
et al. (2011) used a combination of the two methods to invesover time. Our results can ultimately be incorporated into
tigate proglacial and supraglacial lakes in the Himalayas, buthe Global Land Ice Measurements from Space (GLIMS)
as of yet no studies have focused on lakes in the CV of Perudatabase, and used by those seeking a more comprehensive
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understanding of glacial and lake area changes in this regio » S e g ConsatissS
over the past- 37 years. : A :

2 Geographic and climatic setting of the study site

The CV and the QIC are located in the central Andes in J§
southeastern Peru (Fig. 1) — specifically, in the southern por-Jf;
tion of the eastern branch (Cordillera Oriental) of the Pe-
ruvian Andes (Hastenrath, 1998). We have used the gen

eral geographic definition of the CV as provided by Morales gig. 2 overview of imagery used in this study (see Fig. 1 for lo-
Arnao (1998), and in this study we refer to this as @m  cation).(a) Landsat ETM- image from 24 June 2000 (base image)
tire CV study area. The CV mountain range is among theshowing bands 742 RGB with the outlines of the other imagery cov-
highest in Peru, with the highest peak (Nevado Ausangategrage areas. The QIC is shown in pang@s(e) to illustrate the

at 6384 ma.s.l. (above sea level), and glaciers terminatingarious types of imagery. The black line outlines the QIC extent in
around 4700-5000 ma.s.l. (Salzmann et al., 2013). Climateach image. Note the areal extent changes between 1980 and 2010.
ically, the CV region experiences two distinct seasons — an our study, we have used the outlinegln and(e), but not(c) or

wet and warm (1-2C higher) season during the austral (d) because there appears to be snow in these images.

summer (October/November to March/April) and a dry and
cold season (April/May to September/October) (Rabatel et . :
al., 2013). As a result, most of the precipitation falls dur- In a total of 158 images dating from 1975 to 2012 (a com-

. : lete list of images used can be found in Table S1 of the
ing the warm/wet season. Ablation occurs year-round due t upplement). All 158 images were used to create a lake area
high solar radiation at these latitudes, but is reduced durinq '

L ime series, although not every lake was outlined in each im-
the dry/cold season due to enhanced sublimation (Rabat% e due to clouds or the occasional difficulty in classifyin
et al., 2012; Vuille et al., 2008b). Additionally, on interan- 9 y 9

nual timescales, the El Nifio—Southern Oscillation (ENSO)a specific lake; 69 images (56 Landsat, 1 Corona, and 12

. A ; : ASTER) were used to create the glacial area time series, with
is reported to have a significant influence on the climate.

variability in this region (Rabatel et al., 2013; Vuille et al images containing a range of 1 to all (10 identified) of the
- ' " glacierized regions located within this Landsat TM/EFM
2008a; Albert, 2007; Perry et al., 2013; Thompson et aI.,g

2013; Morales et al., 2012), with La Nifia years tending to bescene (Fig. 2a). S|_m|_lar to th.e lakes, not all images could
o . be used for all glacierized regions due to classification prob-
cooler and wetter, and El Nifio years tending to be warmer, . : .
. . . —lems. Specifically for this area, obstruction by cloud cover
and drier (Vuille et al., 2008a; Rabatel et al., 2013). How this . . ; :
) . limits the images that can be used during the cold/dry season
affects glacier mass balance in the CV, however, has yet t . .
. . ) . : Rabatel et al., 2012). Also, storms producing transient snow
be systematically investigated. The regions in southeaster . . ) .
. S .~ cover still occur during the dry season, and this local/regional
Peru are characterized by a very steep precipitation gradien - . .
o Snow can prevent obtaining accurate glacierized region out-
and orographic rainfall effect created by the eastern Andearn : .
. lines. For this reason, we have only used images, or parts of
slopes (Bookhagen and Strecker, 2008, 2012) (Fig. 1c), rang- : . . )
; 1 : . mages (as this snow is often localized), where no transient
ing from >3 myr - annual rainfall at the mountain front to

4 . . . . snow cover is visible.
< 1 - o , L .
0.25myr rainfall on the high-elevation, arid Altiplano. In addition to the multi-spectral satellite imagery, this

study used the 2000 Shuttle Radar Topography Mission
3 Data sources (SRTM) digital elevation model (DEM) (version 4). Ac-

quired within 11 days during February 2000, this mission
To create our glacial and lake area inventory, we used a vaprovided near-global~ 60° N to 56 S latitude) digital el-
riety of optical and multi-spectral satellite imagery, includ- evation data at a horizontal resolution-e®0m (Farr et al.,
ing Landsat Multispectral Scanner (MSS), Thematic Map-2007). Linear vertical absolute and relative height errors are
per (TM) and Enhanced Thematic Mapper Plus (Ef)M lessthan 16 m and 10 m respectively, decreasing to 6.2 m and
Advanced Spaceborne Thermal Emission and Reflection Ras.5 m respectively for South America (Farr et al., 2007). For
diometer (ASTER), and declassified Corona KH-9 imagery.this study, these data were resampled to 15m using bilin-
The characteristics of each of these sensors can be found iar interpolation. We also worked with the ASTER Global
Table 1, and an example of each of these images can be se@igital Elevation Model (GDEM V1 and V2), a DEM cre-
in Fig. 2. ated from ASTER imagery taken over the course of a decade.

We have obtained a total of 121 usable Landsat imagesince glacial elevations are likely to change over 10 year time

(6 MSS from 1975 to 1985, 108 TM from 1985 to 2011, 7 periods, inconsistencies over glaciers and shadowing effects
ETM+ from 1999 to 2003), 36 ASTER images (from 2001 from topography and clouds prevented us from using the
to 2012), and 1 KH-9 Corona image from 1980, resulting ASTER GDEM.
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Table 1.Characteristics of the satellites and sensors used in this study. Bands in italics are those that have not been used. Data sources are
follows: Corona (Surazakov and Aizen, 2010), Landb#p(//landsat.gsfc.nasa.gov/about/technical ftABSTER (ttp://asterweb.jpl.nasa.
gov). Table modified after Svoboda and Paul (2009).

Corona KH-9 Landsat MSS (1-3) Landsat MSS (4-5) Landsat TM LandsatETM ASTER
Date Range of 1980 1975 1982-1985 1985-2011 1999-2003 2001-2012
Images Used
No. of Images: 1 3 3 108 7 36
Total (& Lakes)
No. of Images: 1 2 1 52 1 12
Glaciers
Path/Row of Mission 1216  002-003/070 003/070 003/070 003/070 multiple
Images Used
Band: Wavelengths (um) — - - 1: 0.45-0.52 1:0.45-0.52 -
Visible: Unknown 4:0.5-0.6 1:0.5-0.6 2:0.52-0.60 2:0.52-0.60 1: 0.52-0.60
- 5:0.6-0.7 2:0.6-0.7 3:0.63-0.69 3:0.63-0.69 2:0.63-0.69
- - - - 8:0.52-0.90 (VNIR panchro.) —
Near-IR: - 6:0.7-0.8 3:0.7-0.8 4:0.76-0.90 4:0.77-0.90 3N/B: 0.76-0.86 (Na&iBack)
- 7:0.8-1.1 4:0.8-1.1 - - -
Shortwave IR: - - - 5:1.55-1.75 5:1.55-1.75 4:1.60-1.70
- - 7:2.08-2.35 7:2.08-2.35 5-9: 2.145-2.430 (5 bands)
Thermal IR: - - 6:10.40-12.50 6:10.40-12.50 10-14: 8.125-11.65 (5 bands)
Spatial Resolution (m) 6-9m 6883 * 68x 83 * 1-5&7:30 1-5&7: 30 1-3:15
6:120 6: 60 4-9: 30
8:15 10-14: 90
Image Size (km) 256 125 185x 185 185x 185 ~170x 183 ~170x 183 ~60x 60
Temporal Resolution - 18 16 16 16 16
(days)
Orbit - polar, sun- polar, sun- polar, sun- polar, sun- polar, sun-
synchronous synchronous synchronous synchronous synchronous
Altitude (km) 171 900 900 705 705 705
Inclination ) 96.5 99.2 99.2 98.2 98.2 98.3
Comments * commonly resampled * commonly resampled  Stopped acquiring Scan Line SWIR failure (anomalous

to 60m to 60m images in November 2011  Corrector failure in May 2003  saturation) in May 2007

4 Methodology

The creation of lake, glacier, and snow-line outlines are
multi-step processes with some manual intervention. Upon§
acquisition, and before classification, the images require]
initial pre-processing and calibration. This involves geo-
referencing (Corona, ASTER), pan-sharpening (base-image€ig. 3. Flow chart indicating the general methodology used, applied
only), resampling if necessary (ASTER shortwave infraredto a Landsat TM image from 15 October 2009. The ima@gsre
(SWIR) 30m to 15m so that the different bands with dif- used to classify lake®) using a normalized difference water index
ferent spatial resolutions can be merged), conversion to re_(,NDWI) algorithm (lakes: blu_e). Glaciefg) are then classified_ us-
flectance (all ASTER images, and Landsat images used fol'd @ TM3/TM5 & TM1 algorithm (Landsat TM/ETM) and clip-
snow-line analysis, converted to reflectance using standarf"d °f the data with the previously created lake mask to remove in-
techniques), and aligning to the base image (all images). I:ocorrt.ect_ly classified lakes (shown on TM3/T_M5 image — lakes: blge,

) ) IC: pink). The QIC (or other glacier) outline is then used to clip
this study, a Landsat ETM image from 24 June 2000 (path c,jibrated reflectance date) to obtain snow-line information for
003, row 070, Fig. 2a) was chosen as the base image as thigat area alone using MESMA. See text for abbreviation explana-
image covered the entire study region with no clouds andjons.
good gain control, important factors when aligning images
or calibrating images for reflectance. We specifically used a
Landsat ETM- image for this, as Masek et al. (2001) report mask for each image, followed by manual editing (Huggel
that Landsat ETM- has decreased noise levels and increasect al., 2002). Glaciers were classified similarly using simple
radiometric precision compared to Landsat TM 5. ratios (Svoboda and Paul, 2009) (Sect. 4.2). Subsequently,

The general process used to classify the images is outthe previously created lake mask was applied to the resulting
lined in Fig. 3. Upon completion of pre-processing, the first glacier mask, to remove incorrectly classified lakes. Manual
step was to classify the lakes in each image, i.e., to createditing and validation was a required final step. In determin-
a lake mask (Sect. 4.1). This was done using simple bandhg the snow line for a particular glacier (Sect. 4.3), a cali-
ratios and filtering, removal of shadows using a hillshadebrated reflectance image was first clipped to the glacier extent
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Steps used to classify Lake Outlines capture lakes with lower concentrations of suspended sedi-
CORONA LANDSAT. ASTER SRTM DEM . .

) TG ME3 (1) Landsst M55 Londsat T Landeac T ment successfully. To classify lower sediment content lakes,
8| e e pannarpen e athreshold in ASTER B3 proved successful, but alternatively
£ oo ;Zi;"mi?f;"v‘ﬁﬁ el was not always successful at identifying the higher sediment

L Convert to Reflectance . .

[ Algn to base image Create hilshade content lakes. A combination of both the ASTER NDWI-

Apply LAKE classification method (see Table 2) and shadow . . . .
ety nd sy s, s maskiorsch approximation algorithm and ASTER B3 provided the most
ilter to create initial lake mas| image . - - .
Remove incorrectly classified “lakes” (shadows) from the initial lake mask using the suitable method to |dent|fy lakes with the greatest range of
S suspended sediment concentrations. Unfortunately, this com-
Rams plyaometetn § ahelefshado sk bination method could not identify all lakes throughout the
: fstimege: e oo ey 2nd oy cassfed study region. Figure 5 outlines the method used to classify
3 o k-t Appand each deast i the st progres lakes in the ASTER imagery, illustrating where each method
continues.
1stImage: \dentifyaseles?lnumberoflakes, and designate each with a unique ID. Works and does nOt Work . .
R e After initial classification and filtering, shadows were re-
B e s e e moved using a hillshade mask and some manual editing, re-
s e sttt sulting in a master-lake file containing only lakes for each

image. We then selected, and manually quality controlled,
Fig. 4. Steps summarizing the processes used to classify lake outfifty lakes that were typically well classified (large and small,
lines, including pre-processing steps. Grey background overlapsigh and low sediment concentrations, near and far from
those data sets to which each process applies, and bold text indglaciers, downstream from glacial watersheds and removed
cates important step_s or data sets (either complete, or to be used fgm glacial watersheds, comprising a range of lakes). Using
subsequent processing). the SRTM DEM, we have delineated the watersheds or catch-

ment boundaries for each of these fifty lakes using standard-

GIS flow accumulation procedures. The methods, thresholds
using this glacier mask. After selecting snow and ice regionsand filters used in the classification of lakes and glaciers for
we then performed a multiple endmember spectral mixtureeach data set are summarized in Table 2.
analysis (MESMA) (Klein and Isacks, 1999; Roberts et al.,
1998). To create files usable in further analysis, all rasters aré.2  Glacier area mapping
converted to polygons.

Debate continues on the best method to be used for delineat-
4.1 Lake area mapping ing glacial outlines, with different studies suggesting differ-

ent methods as superior (Paul and Kééb, 2005; Racoviteanu
The steps involved in the lake classification of each group ofet al., 2008b, 2009). The consensus that seems to have been
imagery are summarized in Fig. 4 and outlined in detail inreached is that it depends on the test site in question. Manual
Supplement B1 (and Fig. S1). delineation is very time consuming and can be highly subjec-

Lakes in glacial regions often have a variety of bio- tive and variable depending on the classifier, and as a result,

logical and physical components (e.g., pollen and sedi-automated thresholds are recommended (Paul et al., 2013).
ment) influencing their color, and the employed methodologyBand ratios and thresholds also provide the best compromise
must be able to distinguish varying colors. For the Landsatbetween processing time and accuracy, with an estimated ac-
TM/ETM+ imagery we pursued the methodology outlined curacy difference of <3 % between the three most often used
in Huggel et al. (2002) using a normalized difference watertechniques: Landsat bands 3/5, 4/5, and the Normalized Dif-
index (NDWI: Landsat bands (TM4TM1)/(TM4+TM1)) ference Snow Index (Albert, 2002). Given that within Peru
followed by a hillshade mask. This NDWI performed well, there is no “standard” for remotely sensed classification of
based on the classified outline corresponding closely to thglacier outlines, in our study, we followed the methodology
visual lake outline, and allows classification of lakes with and thresholds outlined in Svoboda and Paul (2009) using
a range of suspended sediment concentrations. ASTER im-andsat (TM/ETMt) bands 3/5 and ASTER bands 3/4, fol-
ages were processed in the same fashion as the Landslatwved by a threshold in Landsat and ASTER bands 1 to in-
TM/ETM+ images. However, lake detection proved to be clude snow and ice in cast shadow. Their MSS classifica-
more complicated due to the lack of a “blue” band (0.45- tion scheme worked poorly for our images, and so we classi-
0.52 um, equating to Landsat B1, see Table 1) in the ASTERied the glacierized areas in the MSS images using a single-
images. Previous studies have used the green band as #and thresholding process. The glaciers in the Corona and
alternative, resulting in an approximation of the NDWI al- ASTER images lacking SWIR bands were manually delin-
gorithm using (AST3-AST1)/(AST3+AST1) (Bolch etal., eated. Not all images are suitable for glacier classification
2008). While this index performed fairly well in identifying (local/regional snow cover or clouds obscuring outlines). In
lakes with higher concentrations of suspended sediment (typerder to gain as much information as possible on how the
ically found in close proximity to glaciers), it was unable to glacierized regions behave on an annual as well as a decadal
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ASTER: 08/01/2008
RGB 3N21

(AST3-AST1)/(AST3+AST1)
Identifies HIGH sediment

AST3

Result of (b) “OR” (c)

Identifies LOW sediment (post-filtering and hillshade
lak ell

shadow movaI
F@Wsa&w‘henl 4]
/!

JWI@S are
| wall
. ¥ >

well

content lak
o T

iL
sediment
content
lakes

HIGH sediment | s
content lakes are [ 2
wel identified

> HiGHER |
sedimegt *
I content

S| Combination allows
’ - both HIGH and LOW
S5 sediment content lakes
o to be well identified

Fig. 5. ASTER image illustrating how lakes of both high- and low-sediment concentrations were classified in thi¢agtidglights part

of the western QIC where lakes of differing sediment contents ghisshows the results of the (ASTFAST1)/(AST3+AST1) ratio (blue

pixels: < —0.25),(c) shows ASTER B3 (red pixels: 1000), andd) illustrates the final result when a combination of both methods are used.

Note that none of these methods provide a perfect classification, and some lakes remain unidentified (the yellow star indicates the proglacial
lake of Qori Kalis glacier and is unclassified using these methods). Yellow dashed line indicates the approximate line of separation between
higher and lower sediment content lakes, which is roughly related to distance from the QIC.

Table 2. Summary of methods and thresholds used in lake and glacier classifications. The threshold for shadows in the hillshades (HS)
was DN <70 for all images. DN represents digital number; CF and MF with their kernel sizes stand for closing filter and median filter,
respectively.

\ Lakes | Glaciers
Sensor | Method \ Threshold (mean, median, mode) | Filtering | Method | Threshold | Filtering
Corona Manual - - - - Manual - -
Landsat MSS (1-3) | (MSS7-MSS4)/(MSSAMSS4), <-017 <-025 < —0.25 | CF-5x 5 | Density slice DN 105-255 (MSS6) | MF-3x 3
and HS
Landsat MSS (4-5) | (MSS4-MSS1)/(MSS4-MSS1), <-008 <0.00 <0.00 | CF-5x5 | Density slice DN 165-255 (MSS1)| MF-3x 3
and HS
Landsat TM NDWI, and HS <-051 < —0.50 <—050 | CF-5x5 | TM3/TM5 & TM1 >20&>25 MF-3x 3
&CF-5x5
Landsat ETM- NDWI, and HS <-0.39 < —0.40 <—0.40 | CF-5x5 | ETM3/ETM5 & ETM1 | >2.0&>25 MF-3x 3
& CF-5x5
ASTER (W/ SWIR) | (AST3—-AST1)/(AST3+AST1) <—0.24OR<1000 < —-0.250R<1000 < —0.250R<1000| CF-3x3 | AST3/AST4 & AST1 >16&>47 MF-3x 3
ORAST 3, and HS
ASTER (w/o SWIR) | (AST3—-AST1)/(AST3+AST1) <—-0.240OR<1000 < —0.250R<1000 < —0.250R<1000 | CF-3x3 | Manual - -
OR AST 3, and HS

timescale, we have classified all images where ice is visi-glaciated mass) throughout the Landsat TM/EFMcene

ble at the glacial boundary, no snow patches exist beyonaextent encompassing the entire CV area. Working in chrono-

the extent of the glacierized region, and cloud cover doedogical order from 1975 to 2010, these IDs were assigned

not occlude any part of the glacial boundaries. The generato polygons falling within those of their earliest outline (the

steps involved in the glacier classification of each group ofassumed largest glacierized area). Similar to Salzmann et

imagery are summarized in Fig. 6 (and Fig. S1 in the Sup-al. (2013), we have not separately mapped debris-covered

plement), with the methods and thresholds used for each sejlaciers as these areas are expected to be minimal in this re-

of imagery summarized in Table 2. gion. A more detailed description of the glacier classification
Upon creation of the initial glacier mask, post- process can be found in Supplement B2. In addition to an-

classification and filtering, the previously created lake masksalyzing these 10 glacierized units as a whole, we have also

for each image were applied to each glacier mask to redelineated the individual glacial basins within these larger

move incorrectly classified lake pixels. Subsequently, poly-units using standard-GIS flow accumulation procedures as

gons with areas: 10 000 n? (corresponding to 11, 44, 2, and we have done for the lakes.

123 pixels for Landsat TM/ETM, ASTER, Landsat MSS

and Corona, respectively) were removed (as recommended.3 Snow-line mapping

by Paul et al., 2009), as were any remaining lake polygons ] .

that the lake mask did not capture. Using the earliest usabl©n Some images from the mid- to late dry/cold season,

image for each area, we identified and assigned a uniqug_w snow lines are clearly VISIl?|e. Classifying these snow

ID to discrete glacierized areas (closed ice masses or polyn€s using an automated algorithm, however, proved more

gons that are nearby or that appeared to be part of that sanf®@mPplicated than expected. Many of the suggested meth-
ods proved unsatisfactory, and no single method allowed
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M. N. Hanshaw and B. Bookhagen: Glacial areas, lake areas, and snow lines from 1975 to 2012 365

Steps used to classify Glacier Outlines Steps used to classify Snowline
CORONA _ LANDSAT\ _— ASTER LANDSAT SRTM DEM
Landsat MSS (1-3) Landsat MSS (4-5) LandsatTM Landsat ETM+ 'with SWIR wi(h(m| Landsat TM Landsat ETM+

Apply GLACIER classification method (see Table 2)
Identify and apply threshold, and build mask
Filter to create initial glacier mask

Identify usable images Fill DEM
Convert to reflectance
Calibrate to the base image

Pre-
Processing

Convert to polygon -
Remove incorrectly classified “glaciers” (lakes) from the initial glacier mask For each image, manually select ROIs for snow and ice.
using the “All_Lakes” dataset for that particular image Create & merge spectral libraries for all ROls and all images.
Remove polygons whose centroid falls within those in the master “All_Lake” dataset Select optimal spectra for snow and ice.

Remove polygons <10,000 m? VIPER Extract Quelccaya outline from the relevant image’s final “Glacier” mask.

Glacier Classification

c
k]
©
1st Image: Using earliest glacier-classifiable image, identify discrete “glaciated regions”in the image, 2 | Tools Clip calibrated reflectance file to this outline.
assigning each a unique ID. ﬁ Classify using MESMA.
Manually quality control to check glacier outlines and remove snow patches outside of [v] On“snow” endmember, create “snow” mask (>50% snow)
these ID'd regions. Result: Master “Glaciers” Dataset 2 e . ut'(MF 3x3). Result: Snowline :
Subsequent Images: Working chronologically from oldest to newest images, select glacier polygons whose = P . :
centroid falls within the glacierized regions of the master “Glaciers” dataset. 8 Convert to polygons )
Assign regions with previously determined IDs, and manually quality control. » Remove polygons £10,000 m
Append each dataset into the master as progress continues. Convert to points
Perform analyses (e.g. area) of the ID'd glacierized regions Extract SRTM DEM values at point locations.

Fig. 6. Steps summarizing the processes used to classify glacial outrig. 7. Steps summarizing the processes used to classify glacier
lines. As with Fig. 4, grey background overlaps those data sets t&now lines (specifically the QIC in this study). As with Figs. 4 and
which each process applies, and bold text indicates important steps, grey background overlaps those data sets to which each process
or data sets. applies, and bold text indicates important steps or data sets.

differences between snow and ice that make this method ro-
bust, were then run on each snow-line image using MESMA.
As with the lake and glacier classifications, more informa-

tion on the snow-line classification can be found in Supple-

ment B3.

successfully classifying snow lines in all imagery for this re-
gion, for example, Landsat TM bands 4/5 (Hall et al., 1987),
Landsat TM bands 3/4 and 3/5, and maximum likelihood

classification of principal components (Bronge and Bronge, L .
P b P ( 9 g Post-MESMA processing includes applying a threshold to

1999), maximum likelihood classification of principal com- the snow endmember classification, where regions with snow
t ASTER i Mathi tal, 2 X ) T
ponents on AS imagery (Mathieu et al., 2009), and & rather than ice) were determined to be in pixels > 50 % snow

two-step unsupervised classification process based on Lan(?th_ threshold determined by visual inati d
sat ETM4 bands and algorithms and snow/ice texture (Yu et IS threshold was determined Dy visual examination, an
corroborates what is estimated in another study; Chan et al.,

al., 2012). While Rabate] et al. (2005) manually deImeatGdZOOQ). After filtering, the outline of the accumulation area

the ELA on three glaciers in the French Alps, we pursued the .
methodology suggested by Klein and Isacks (1999) for theVas converted to points and SRTM DEM values at those

Zongo Glacier in Bolivia and the QIC: spectral mixture anal- points extracted, to determine the elevation of the snow line.
ysis (e.g., Painter et al., 1998). Spectral unmixing has also
been successfully used by Chan et al. (2009) in deIineatingJ.
. . X Results
the snow line and the area accumulation ratio for the Morter-

atsch glacier in Switzerland. In our study, we focus on thee first present our glacial results by focusing on the Quel-
QIC, initially creathg a spectral library of snow and ice end- ccaya Ice Cap (Glacial ID 1), and then we expand to the
members from the_lmage_s. A small selection of the_se SPectrggrdillera Vilcanota as a whole. Results for five different
were used to unmix the ice cap spectrally and delineate the,,qjacial lakes follow, including four located along the
snow line using mult|ple.endmember(snow, |ce,§1nd shad_oyv estern margins of the QIC, after which we present our
spectral mixture analysis (MESMA). The resulting classifi- 5oy jine estimates for the QIC. Figure 8 indicates the lo-
cation identifies pixels that contain varying percentages ofcaiigns, extents, and names of the glacierized units and lakes
snow and ice, allowing for classification of regions that are, estigated in this study. Additional glacial and lake area re-

dominantly snow (accumulation zone) or dominantly ice (ab- ¢ its can be found in Supplement C1 and C2, respectively.
lation zone). We have performed this methodology (Fig. 7)

on three images between 1988 and 2009 for the QIC. 5.1 Glacier area changes

The three images were first converted to reflectance and
calibrated to the reflectance of the base image. After selecting.1.1  Quelccaya Ice Cap (QIC)
representative endmember regions in each image, we used
techniques described in Roberts et al. (2007) to create spe®ur results indicate that the QIC has decreased in area by
tral libraries for each, and subsequently to identify optimum31 % (19.4 km) over the time period 1980-2010 (Fig. 9).
spectra for these endmembers, specifically using the metricElsing only the minimum area measurements for each year
CoB (count-based endmember selection), EAR (endmembefwhich are best approximated for those years where multi-
average RMSE), and MASA (minimum average spectral an-ple images and measurements exist), this represents an av-
gle). The resulting spectra (Fig. S2), with their strong spectralerage decline rate of 0.570.10kn?yr—1 (all decline rate
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gion of CV (MGRCV) N7 70°46W' i ial ID:
egion oadl 70 i Gla‘cml Area fczr the Quelgcaya Ice CaP (Glacial I[? 1)
=45 ) x Landsat TM/ETM+: B3/B5 &B1
= O Corona and ASTER (w/o SWIR): Hand
O Minimum area for each year
65} 08/03/80
) Corona
\ (63.1 k)
~
& 60k < D> o J
£ <
= ~ ~ -
2 3
o \\
<55 ~
3 o 31%
o AN =~
501 L\
\\\ 2 +
Regression using minimum areas:
Glacial area = X *-0.001559 + 1190 [~
45 r?=093, n = 14, RMSE = 1.44 km?
Annual decline rate = 0.57 + 0.10 km?/yr| 09/16/10
@3k
| 1 | . . . 1
1975 1980 1985 1990 1995 2000 2005 2010 2015
Fig. 8. (a)Hillshade topography showing the location of the iden- vear

tified glacierized regions (§ and lakes () for which results are . . . . .
presented in this study (including the Supplement). Glacierized re-F'g' 9. Glacial-area time series for the Quelccaya Ice Cap (Glacial

gions are white (outlined by thin black lines), while lakes are blue ID 1, Fig. 8). Symbols indicate image type and classification

o . method. Bold and circled data points indicate the minimum area
(not all 50 lakes are shown here). All glacierized regions have bee or that year (in some cases, the only area for that year). The regres-
named after the dominant peak in that region, with the exception y ! y year). 9

of G2, the extent of which is outlined by the dashed white line. The sion uses only these minimum areas, and shading around regression

" outlines 95 % confidence interval (same as uncertainties for the an-
acronym NA_for G3 §tands for Nevao_lo Ausangate. Addltlonall)_/, the nual decline rates). Error bars are lincertainties. Time series for
thick black line outlines the approximate extent of the Cordillera each Glacial ID can be found in the Supplement (Figs. S3-S11)
Vilcanota. Note that Nevado Allincapac (G8) is the only glacierized ' '
region located beyond the CV. The red box outlines the extent of the
QIC in (b), which shows the QIC’s earliest and most recent glacial
outlines and illustrates all polygons we have included in the QICing errors <5 % for glaciers larger than 1 kpand an overall
extent in this studyéntire area) and also what we refer to as the error of 2—6 % using automated methods.
main area. The locations of lakes for which results are presented
in this study are indicated, as are three glacial watersheds Withmj_l_z Cordillera Vilcanota (CV)
which these lakes are located.

Results for the Cordillera Vilcanota reflect that of the Quel-

uncertainties are 95 % confidence intervals). This decline ha§caya Ice Cap: glacierized areas have been significantly de-
not been constant; our time series indicates a period durin§'€asing over the time period 1975-2010. In the 22 years be-
the early to mid-2000s where glacial decline was low andtween 1988 and 2010, all glacierized regions throughout the
glacial areas remained slightly higher than expected with reentire Cordillera Vilcanota (Glacial IDs 1-7, 9-10, but not
spect to the multi-decadal decline rate. However, as a whole!D 8) declined by a total of 107.6 kfr(30 % of 1988 extents,

the decline rates derived from our time series indicate thafig. 10). Our findings are similar to those of Salzmann et
decline rates were higher during the period 2000-2010 thar?l- (2013), although extents and time frames differ slightly
the period 1988-1999 (Table 3). between the two studies (Fig. 10).

In calculating our glacial-area uncertainties (error bars), 10 investigate changes in decline rates for the different
we assume that the error associated with area measuremeriicial areas over different time periods, we have used the
is normally or Gaussian distributed. We first calculate theMinimum areas for each year for each Glacial ID, normal-
number of pixels comprising the area measurement outlindzing the decline rates against their respective median areas
using perimeter®) divided by grid-cell size@ — the largest (Table 3). We report four different time periods: 1975-2010
spatial resolution (before resampling) of all bands used pef0 include all imagery (including MSS), 1988-2010 to in-
image classification). This number is multiplied by 0.6872 clude the time period of the densest data set, 1988-1999
(10) using the assumption that69 % of the pixels are sub- O approximate the 1990s, and 2000-2010 to span the first
ject to errors. Lastly, this number is multiplied by half of the decade of the 2000s. Each of the glacierized regions within
area of a single pixel, assuming that the uncertainty for eache CV (and just beyond) have declined at different rates.
pixel is not a full pixel but half a pixel, and is summarized as N general, for all time periods, smaller glacial areas are de-

follows: clining at a much faster rate than are larger glacial areas.
For example, for the 1988—-2010 time period, average decline
Error (1o) = (P/G) - 0.6872. G2/2. 1) rates for the smallest (< 10kn?) glacial regions are ap-

proximately double (27.8 kAyr—1 km~2) that of the largest
The resulting uncertainties are around 5%, which is simi-(>~ 20 kn?) glacial regions (14.8 kAyr—1 km~2), with the
lar to comparison studies evaluating glacial-area delineatiorexception of the smallest (Glacial ID 10), which has a decline
through remote-sensing methods (Paul et al., 2013), reportrate double that of the next smallest rate. In general, these
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Table 3. Normalized (against median area) glacial decline rates using minimum areas for each year for each Glacial ID throughout the
Cordillera Vilcanota (IDs 1-7, 9-10) and just beyond (ID 8) for four different time periods: 1975-2010 (the whole time series, including
Corona and MSS imagery), 1988—-2010 (the densest time series, Landsat TM/&TAVASTER), 1988-1999 (which roughly represents the

1990s but with additional 1988 data points to strengthen the regression), and 2000-2010 (the 2000s). Cl is the confidence interval. For full
Glacial ID names, please refer to Fig. 8. Note that decline rates are listed as positive values. These same decline rates before normalizatio
can be found in the Supplement (Table S2).

| 1975-2010 | 1988-2010 | 1988-1999 | 2000-2010
Glacier ID No. Median area Decline rate R2 No. Median area Decline rate R? No. Median area Decline rate R? No. Median area Decline rate R?
of (km?) +95%Cl (x 103 of (km?) +95%Cl (x 103 of (km?) +95%Cl (x 103 of (km?) +95%Cl (x 103
images krﬁyr’lkm’z) images Kk yr’1 km’z) images ki yr’l km’z) images Kk yr’1 km’z)
10 (NM) 12 2.1 78.716.5 0.91 11 21 65.7£30.0 0.70 5 26 129.6+106.3 0.78 6 15 137.5:64.0 0.87
7 (NCt) 18 2.2 30.8£4.9 0.91 17 22 33.2:8.3 0.81 8 26 42.1+£21.3 0.76 9 2.0 43.3:22.9 0.70
° 9 (NCc) 18 2.4 33.8£6.5 0.87 16 24 31.9:9.7 0.76 8 25 48.2£30.7 0.66 8 1.9 51.1+24.3 0.78
£ 4 (NI 14 4.6 28. 7453 0.91 13 4.4 23.6:9.6 0.70 5 5.0 37.14:33.7 0.74 8 4.3 24.4-25.3 0.39
F 5 (NP) 11 5.8 19.8:5.5 0.87 5 6.7 27.0£12.2 0.92 6 5.7 26.2-36.4 0.37
g 6 (NS) 19 9.9 31.2t24 0.98 17 9.4 30.6:4.2 0.93 9 11.0 24.8:13.0 0.70 8 7.3 52.0:8.1 0.97
g 8 (NAc) 13 20.7 21.5:3.4 0.94 12 20.4 22.#6.7 0.83 6 25.9 19.6£29.3 0.32 6 194 20.6£22.1 0.53
a 3(NA) 11 29.5 11.6:2.7 0.89 10 29.3 10.8:4.9 0.73 4 329 18.4:26.9 0.72 6 28.9 22 %158 0.75
1(QIC) 14 50.2 11.3:1.9* 0.93 13 50.0 11.2:2.2 0.91 5 53.1 13.8:3.1 0.98 8 472 20.4:6.9 0.88
2 (MGRCV) 13 189.1 15.2£2.2 0.95 12 189.0 14.3:3.7 0.87 6 218.8 14.6:19.2 0.38 6 181.7 23.5:10.8 0.87
CV (1-7,9-10) 8 285.3 14.6:4.0 0.91 3 329.0 17.2£75.7 0.78 5 276.2 237 17.2 0.82
*1980 (not 1975)-2010 for QIC.
Glacial Area for the Cordillera Vilcanota (Glacial IDs: 1-7, 9-10) 025 Lake Area for Lake ID: 8 (a proglacial lake beneath Nevado Ausangate, Glacial ID: 3) 0
380 W T T — I ““>["Lake Area: x Landsat TM/ETM+ (NDWI & HS) ' :
Regression using minimum areas: 08/02/88 0 ASTER (AST3-AST1/AST3+AST1 & HS)
(1988-2010) ™ Glacial Area:O
3601 Glacial area = X *-0.01181 + 8938 (3602 k) | o) Iss
2= 0.89, n = 7, RMSE = 43.68 km? 0.20F102111 & 1
Annual decline rate = 4.32 + 1.58 km?yr| £y
R 3401 7 45.0
E E 0.15F 1 £
3201 . = K
g ~ " g 1455
= Salimannetal, 2013 0% s 2108% .
g 300 DeclineRate | No.of | g? N i <0.10F 1 g
g (km?/yr) Images = [}
19621985 02 2 140
280 1985-1996 9.1 2 N
1996-2006 4.7 2 0.05- |
This Study 135
Decline Rate 95 %] No. of | g 4
260 Cl(km?fyr)  |Images 05/06/85 ‘XE%
19881995 578249 3 [078]| X Landsat TM/ETM+: B3/B5 & B1 ~ 09/16/10 P — : : : : 30
Japl20002010  662as 5 |082)|O Minimum area for each year (2535 kmd) 1985 17990 1995 3000 3005 3070 3015

L
1985 1990 1995 ve 2000 2005 2010 2015 Year
‘ear

. . . . . ) Fig. 11.Lake-area (blue) time series for Lake ID 8 (cf. Fig. 8) and
Fig. 10. Glacial-area time series for the Cordillera Micanota glacial area (red) within its upstream catchment. This proglacial

(és\lafmal Ilis t11_7h 9-10 dcomlélnsedl, Fig. 8) andl dz%'lng ra\1/tves ;or theIake downstream of Nevado Ausangate (Glacial ID 3) started to
) rom bot t_ is study and Salzmann et al. ( ). We 0 nOtrapidly grow in the late 1990s and early 2000s. We do not show
include data points from Salzmann et al. (2013) as our glacial ex-

. . " yncertainties in the glacial areas to avoid cluttering the figure, but
tents are not the same. Hovx_/ever, we include decline rates d_erlvea1ese are on the order of5 %.
from their study and our decline rates to show general comparisons,
although these are non-normalized, and therefore reflect different
areal extents. Note that because these are decline rates, they are
listed as positive values. Hence, a negative value indicates advancéhe western margins of the QIC (Glacial ID 1). We present
ment. Symbology and uncertainties are the same as for Fig. 9.  additional results for lake area changes in Supplement C2

(Figs. S15-517).
Proglacial lake areas vary widely both temporally and spa-

patterns persist through all time periods examined. Addition-tially, reflecting a large number of processes that can control
ally, we also report mostly increasing decline rates during thdake-area behavior, including glacial-melt processes, evapo-

2000s over those of the 1990s (Table 3). ration, groundwater infiltration, seepage, amongst others. To
investigate lake area changes on a first-order level, we have
5.2 Lake area changes investigated the lake-area changes of these five lakes in re-

lation to their upstream glacial watersheds. Lake-area uncer-
Our lake area time series (1975-2012) includes 50 lakes (cttainties have been calculated as for glacial-area uncertainties,
Fig. 8). Here, we present the results of five proglacial lakesfollowing Eq. (1).
all of which have formed after the Little Ice Age, specifi-  The proglacial Lake ID 8 beneath the Nevado Ausangate
cally, since 1985. Lake ID 8 (Fig. 11) has formed down- region did not exist before 1985 (Fig. 8a, Fig. 11). Since
stream of Nevado Ausangate (Glacial ID 3), and Lake IDsthen, however, this lake has rapidly developed, beginning
33 (a proglacial lake in front of Qori Kalis glacier, Fig. 12a), during the late 1990s but particularly during the early 2000s.
25 and 26 (Fig. 12b), and 35 (Fig. 12c) have all formed alongSince the beginning of 2010, however, it appears that the lake
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0,40 Lake Area for Lake ID: 33, and Glacial Area for Watershed ID: 1 5 1998, and 2009) USIﬂg Landsat TM |magery We report our
o al o I results alongside those from previous studies (Table 4), but
.35 ; . 1 .. . . . .

\ [ g only minimal snow-line measurements exist in the literature,
030 ¢ &

whether determined in situ or using remote sensing methods.
With these snow lines we have calculated area accumulation
ratios (AARSs) for each of these measurements (Table 4). Be-
tween 1988 and 2009, the snow line of the QIC rose by 70 m,
corresponding to a decrease in AAR of 10%. The snow line
reached a maximum~(5526 ma.s.l.) during 1998, produc-
ing an unsustainable AAR of only 13 %. Our snow-line ele-
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Lake Area: O Landsat TM/ETM+ (Hand)
O ASTER w/o SWIR (Hand)
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000 . . . ‘ il | o vation errors appear to be large, but they reflect the snow-line
1985 1990 199 i 2005 2010 2018 altitude surrounding the entire QIC and are surprisingly ro-
0.10 LakelAreas for Lake IIDs: 25 & 26, an‘d Glacial Area f?rWatershed II?: 14 40 bust.

b il

P 6 Discussion

We first discuss our glacial-area changes, followed by lake-
area and snow-line changes. We then provide a summary of
our data and results. We emphasize problems and caveats
fsa when comparing glacial and lake area changes between dif-
ferent studies and methodologies.
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6.1.1 Quelccaya Ice Cap (QIC)

0.10F

In the previous section (Sect. 5.1.1) we illustrate the dramatic
i decline of the QIC (31 % between 1980 and 2010). Our re-
13 & sults reflect those of Salzmann et al. (2013), who report a
reduction in glacial area of 23% between 1985 and 2009
(we report a 22 % decline between 1988 and 2009 — we do
not provide a 1985 measurement). In general, our satellite-

Lake Area: x Landsat TM/ETM+ (NDWI & HS)| &
OASTER
(AST3-AST1/AST3+AST1 & HS)

Lake Area (km?)
=)
°
o
Glacial Area (|

Glacial Area:O

o
=3
L
o
o

002l 19 derived glacial-area measurements correlate well with previ-
* 8 ous satellite estimates where boundary conditions were simi-
%% 735 7955 600 3005 70 piite lar. However, comparing methodologies and glacial areas be-

Year

tween studies is not always straightforward. Specifically, in
Fig. 12. Lake-area (blue) and glacial-area (red) time series for fourthe case of the QIC, it is evident that different studies use dif-
proglacial lakes of the western QIC (Glacial ID 1). Locations of fering outlines for the extent of the QIC (Fig. 8b, Table 5). We
each lake and catchment can be found in Fig(8pLake ID 33,a  use the ternentire QIC to refer to all glacial regions identi-
lake in front of Qori Kalis glacier. Note that all area measurementsfied in the earliest image (3 August 1980) and the terain
of Lake ID 33 are hand-delineated, as this lake had a spectral sigQ|C to identify the largest, continuous ice mass. Addition-
nature that was not captured by any of the employed methodologyé”yl some studies (e.g., Hastenrath, 1998; Mark et al., 2002;
(cf. Fig. 5).(b) Lake IDs 25 and 26, an(¢) Lake ID 35. Notice that Thompson, 1980) provide an area measurement merely in-
the majority of lake growth occurred during the late 1990s and earlyformatively, and tend to neglect providing the specific dates
2000s. We do not show uncertainties in the glacial areds%) to . . . -
avoid cluttering the figure. of the imagery (qr methO(_js) W|t_h which they determined the
area. Other studies have investigated and reported the area of
the QIC as part of their study, but provide less specific infor-

area has begun to decline. Similar results can be seen for tH8ation on the extent of the QIC that was used (e.g., Albert,
proglacial lakes of the QIC (Fig. 12) with rapid increases in 2002, 2007) or the dates and imagery used (e.g., Salzmann

lake area during the late 1990s and early 2000s. et al., 2013). Comparing our results to those of other stud-
ies (Table 5), it appears that the majority of studies primarily
5.3 Snow lines use just the main QIC to determine the area, based on the fact

that these results are closest to ours of the main QIC alone.
In this study, we used spectral unmixing methods to delineatd his seems to be the case for Albert (2007), and while Salz-
transient snow-line elevations for the QIC for 3 years (1988,mann et al. (2013) appear to use an extent that includes some
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Table 4.Glacial area, accumulation area, AAR (accumulation area ratio), and snow-line elevation for the QIC as reported in this and previous
studies.

Date/year Glacial arealc  Accumulation ared: 1o AAR +10  Snow-line elevatiof=1SD  Study
uncertainty (krf) uncertainty (k)  uncertainty (%) (mas.l)
~ 1962 61 - 50 5275 Hidrandina (1988)
~1976 70 - - 5300 Mercer and Palacios (1977)
~1978 55 - - 5250 Thompson (1980)
3 Sep 1988 57.#1.6 36.4£1.7 63t5 5344493 This Study
30 Aug 1998 50.21.5 6.8+ 0.4 13+7 5526+59 This Study
15 Oct 2009 45.%1.2 24+1.0 53+5 5414+ 73 This Study

outlying areas beyond the main QIC alone, they appear no il
to include the NW part of the ice cap — a part that was con-
nected to the main part in 1975 but is since no longer con-
nected. Our satellite-based measurements correspond fairl
well with those from other studies (Table 5), and even where
the extents may be different, the trends are comparable. We
emphasize the consistency of our classification method, thg :
large number of images used, and the long extent of the timg== !
series in this study and therefore suggest that our data argxzsms
robust.
Additional discrepancies between glacial-area measure-
ments are caused by the time of year the satellite image waj
taken. Determining whether snow is present at the glacial
boundaries is done visually, and as such is subjective and de
pendent on the classifier. The data density of several reliablg
satellite images per year for some years allows us to see tha
even when the same classifier is used and only those image)
that appear snow-free are classified, intra-annual variability
still exists (e.g., see Fig. S12 in the Supplement). Using the
minimum areas out of these measurements best approximatg
the true minimum glacial extent for those years. We empha-
size how important it is to give the date of measurement when
reporting area results for glacierized regions because of intra-
annual variations and the difficulty in identifying an image Fig. 13.Retreat of the Qori Kalis glacier in the QIC fro(a) 1963
where the glacial area is truly a minimum for that year. to 2005 (figure modified after Thompson et al., 2006) @)dL980
Just as the QIC remains a classic and fairly well docu-to 2009 (results from this study). This comparison shows field-
mented example of glacial retreat in this region, the Qoribased measuremer(e) and our satellite-based measureméhjs
Kalis glacier in the QIC (cf. location in Fig. 8b) has been Dashed lines are used for ease of viewing beginning and ending
extensively field studied by Thompson and others over theglacier extents in- 1978 and 2005.
past 3 decades (Brecher and Thompson, 1993; Thompson et
al., 2006). We compare our satellite-derived glacial extents
to field measurements for the Qori Kalis glacier (Thomp- the shorter time period 1980-1991, but a similar retreat rate
son et al., 2006) (Fig. 13). While there are some discrepanof ~ 67 myr-! during the subsequent 14 year period from
cies that are likely a result of measurements taken at differ1991 to 2005. This retreat is coeval with the development of
ent times of the year, the overall patterns match. Althoughthe proglacial lake (Lake ID 33) shown in Fig. 12a.
our study does not have measurements for Qori Kalis dating
back to 1963, the trends in the data are similar. Thompson €6.1.2  Cordillera Vilcanota (CV)
al. (2006) report a frontal retreat rate-of6 myr-1 for Qori
Kalis during the 15 year period from 1963-1978, and20-  As with the QIC, different studies use differing extents of
fold increase during the 14 years from 1991 to 2005 (a re-the CV region. As previously mentioned in Sect. 2, our study
treat rate o~ 60 myr-1). Our satellite-based study supports uses the geographic definition as provided by Morales Ar-

these findings, with a retreat rate of9—10 myr?! during nao (1998) and incorporates this study’s Glacial IDs 1-7
and 9-10. Glacial ID 8 is located beyond the CV and is not

" iThompson et al., 2006:

11978-2005: Retreat of ~1080m
b iThis study:

11980-2005: Retreat of ~1040m
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Table 5. Area measurements (including imagery used and date obtained) of the QIC from both this study and otheEsitirdi€3C

refers to all glacial regions identified in the earliest image, whikin QIC refers to a subset of this, the largest continuous ice mass (cf.
Fig. 8b). Our study has included tlatire QIC area, i.e., all ice- and snow-covered regions that lie within the area of the earliest image
(3 August 1980), and has captured smaller ice areas outside ofain®IC area.

\ This study | Other studies
Year | Imagery (date) Area in kf | Imagery (date) Area in kf Source
Entire QIC  Main QIC | Entire QIC  Main QIC (assumed)
1962 61.2 Hidrandina (1988)
1975 Landsat MSS (29 Jul 1975) 58.9 Albert (2007)
Landsat MSS (Unknown) 56.2 Salzmann et al. (2013)
1980 | Corona KH-9 (3 Aug 1980) 63.1 56.8 Unknown 55.0 Thompson (1980)
1985 Landsat TM (25 Jul 1985) 58.0 Albert (2002)
Landsat TM (25 Jul 1985) 55.7 Salzmann et al. (2013)
1988 | Landsat TM (3 Sep 1988) 57.7 52.8 SPOT (29 Aug 1988) 54.0 Albert (2007)
1998 | Landsat TM (29 Jul 1998) 51.2 47.7 SPOT (8 Aug 1998) 47.3 Albert (2007)
2006 | Landsat TM (19 Jul 2006) 47.8 44.4 ASTER (Unknown) 44.2 Salzmann et al. (2013)
2008 | Landsat TM (25 Aug 2008) 46.7 43.7 ASTER (Unknown) 42.8 Salzmann et al. (2013)
2009 | Landsat TM (15 Oct 2009) 45.1 42.8 ASTER (Unknown) 42.8 Salzmann et al. (2013)

included in measurements where we discussettfitire CV. median elevations are retreating faster than glacierized ar-
For their definition of the CV extent, between 1985 and 2006,eas at higher elevations (Fig. 14). For the four largest
Salzmann et al. (2013) report a 33 % loss in glacierized areaglacierized areas (>20km in the CV and just beyond,
Over a similar time frame, from 1988 to 2010, our study re- the median elevation gain ranged from 2-92.21 myr?!
ports a 30 % loss in area. Our definition of the extent of theto 2.98+0.34myr . Median glacial elevations around
CV region may incorporate slightly differing glacierized re- 5200 ma.s.l. have been retreating to higher elevations at a
gions; however, the trends are comparable. rate of almost 1 myr! faster than glaciers located only
For their definition of the CV, Salzmann et al. (2013) re- 200 m higher at 5400 m a.s.l. These results reflect those found
port areas that produce high decline rates (9. ym?) in Rabatel et al. (2013), specifically, that glaciers lower
from 1985 to 1996 followed by slower decline rates (4.7 than 5400 ma.s.l. have been losing mass at a greater rate
km?yr—1) from 1996 to 2006, based on two images (and (1.2 mw.e.yr! (meters of water equivalentyt)) than those
area measurements) per time period (Fig. 10). Our declinglaciers located higher than 5400 ma.s.l. (0.6 mw:etyr
rates are based on more than two area measurements per tirhbe majority of glaciers in this region terminate around
period (for 1988-1999%; = 3, and for 2000-201(; = 5), 4700-5000 ma.s.l. (Salzmann et al., 2013) and will thus re-
thereby reducing the error associated with potentially usingireat more rapidly to higher elevations before retreat rates are
two endmember measurements that may not be the minimurtikely to decrease.
area measurement for that year. We have calculated decline We have investigated decline rates, glacial-area, and me-
rates for four different time periods (Table 3). Our study in- dian area changes to larger glacierized units, but recognize
dicates that the different glacierized regions are declining athat some of the areas are large and comprise glaciers with
different rates, and finds that area-normalized decline rateslifferent altitudes, aspects, and slopes. In order to analyze
for the majority of glacierized regions investigated (8 of 10) smaller glacial units, we have delineated individual glacial
are highest during the period 2000-2010. This increase irwatersheds using the SRTM DEM and have calculated the
areal decline rates is an important finding, as areas reportedecline rates for each glacial basin (Fig. 15). In total, we an-
by Salzmann et al. (2013) suggest that decline rates have dedyzed 212 glacial basins with glacial areas ranging from less
creased between 1996 to 2006 compared with 1985 to 199@han 1 kn? to a few dozen krfy with a mean area of 3k
Although glacial areas (and decline rates) appear to be highdbespite some scatter in the data, we observe that glaciers
(lower) in the early to mid-2000s, the decline rates during thewith lower median elevations have higher decline rates than
decade from 2000 to 2010 are higher than for previous in-glaciers at higher elevations (Fig. 15). This finding corrobo-
tervals. Our study suggests that decline rates have increasedtes our earlier findings (Fig. 14) and shows the strong alti-
for most glacierized areas in the CV region compared to thetudinal dependence on glacial retreat. We further investigated
1980s and 1990s. this pattern by analyzing retreat behavior with respect to their
We investigated the areal glacial retreat behavior with re-watershed aspect and hypsometric integral, but do not find
spect to elevation by analyzing the median elevation of asignificant correlation (Figs. S13 and S14, respectively).
glacier through time. We observed that all median glacial
elevations rose through time, but their rates differed with
respect to elevation (Fig. 14). Glacierized areas with lower
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ries of this study for the four largest glacierized IDs in this region
(IDs 1: Quelccaya Ice Cap (QIC), 2: main glacierized region of the
CV (MGRCV), 3: Nevado Ausangate region (NA), and 8: Nevado
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6.2 Lake area changes

Growth of Lake ID 33 (located in front of Qori Kalis glacier

in the QIC) (Fig. 12a) has been previously documented
(Brecher and Thompson, 1993; Thompson et al., 2006) and
reflects the retreat of Qori Kalis glacier (Fig. 13). Both the
19912005 retreat rate of 60myr-1 from Thompson et

al. (2006) and this study’s retreat rate of67 myr! cor-
respond with the time period during which this lake expe-
rienced the majority of its growth. The period 2000-2005
showed even greater lake growth than during the previous
9years since 1991. This reflects our findings in this study of
the higher glacial decline rates during the 2000s than during
the 1990s, and the related growth of this proglacial lake in
correspondence to this.

Although variability exists, it is evident in both Fig. 11
and Fig. 12 that these lakes have significantly increased in
area coeval with the decrease in upstream glacial area. All
lakes have formed since 1985, but the late 1990s and early
2000s exhibited the strongest lake growth. Individual timing
of lake growth, however, is likely also influenced by other
factors local to each lake, such as topography on ice or ice
margin, or proximity to glacial edge, etc. Note how Lake IDs
33 and 25 appear to have stabilized since 2005, and Lake
IDs 8, 26, and 35 appear to have begun to decrease in area,
which at least visually appears to correspond with the glacial

Allincapac region (NAc), a glacierized area just beyond the easterfnargin retreating further from the lake edge itself.

boundary of the CV).
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No studies currently exist examining proglacial and
glacier-fed lake area changes in the northern central Andes.
This is the first regional study summarizing lake area changes
derived from satellite imagery. The majority of lakes in this
region that we tracked have been small: 42 out of 50 (or
84 %) are less than 2kmand only 3 out of 50 (or 6 %)
are larger than 5kf resulting in a mean area of 2.7 km
and a median area of 0.3 Rrtbased on most recent Landsat
TM lake area). The majority of the lakes we have investi-
gated (both small and large) have measurements that fluc-
tuate around a relatively stable area, and do not show sig-
nificant lake-area changes (growth or decline) beyond their
uncertainties (examples of these can be found in the Supple-
ment, cf. Fig. S15). These fluctuations are likely a result of
some lake area changes, as well as classification methodol-
ogy, specifically that many images required different thresh-
olds to outline the same lake area visually. However, some

Fig. 15.Normalized (against median area) decline rates against meof the lakes (particularly the proglacial lakes) show signifi-
dian glacial elevation within individual glacial watersheds. Water- cant lake area changes that extend beyond their uncertainties.
sheds were delineated using the SRTM DEM and standard GIS prowe have shown the results for five proglacial lakes in this
cedures. A total of 212 glacial watersheds were used to calculateydy (Fig. 11 and Fig. 12) that have rapidly developed since
decline rates for each watershed basin based on the satellite-imaggygy The development of these lakes reflects glacial retreat
time series. Watershed areas range from <%kma few dozen i region, with the period 2000-2010 showing greater
km? with a mean area of 3kfn Error bars of the regression indi- . . .
cate 95 % Cl. lake growt_h than durlng_the previous 8years since 199_2, or
15years since 1985. This agrees with our findings of higher
glacial decline rates during the 2000s than during the 1990s.
Areas of these proglacial lakes began to increase rapidly
during the mid- to late 1990s. A possible explanation for this
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A 77% of lakes CONNECTED to glacial] 23 % of lakes connected to glacial watersheds have declined,
while 40 % have grown. In contrast, 42 % of lakes not con-
nected to glacial watersheds have declined, while 0% have
grown. This suggests again that lakes with glaciers within
their catchments are benefiting from the increased glacial
melting that has occurred over the time period of this study.
Some glacial drainage basins are characterized by cascading
lakes, and we observe that some lakes within these water-

4 Glacier Watersheds

CiNon lcerbaisods ; sheds are growing, while the remainder may show an areally
oot o s o oo stable, or even declining, signal — for example, the north-
S a0 samy 0 80%) westerly downstream section of Glacial ID 2 (Fig. 8a).
ogg{"'yﬁwwj’éjiom"” 7, In order to assess the temporal behavior of lake-area
o : , changes, we have divided the time series into 5year_|qcre—
Traow RO 71900 70°40'W 70°20'W ments and have calculated the rate of lake change by fitting a

robust regression through all lake-area measurements within
Fig. 16.Regional trends in lakes throughout the study area, indicat-that time period (Fig. 17). Despite some scatter in the data, a
ing relative change (%) in lake area between earliest e_md most receniegr signal emerges: lakes connected to glaciers have been
Landsat TM measurement: stab_le_ lakes are those Wlth change Onlérowing from 1985 through 2005 with the highest growth
between-4.9 % and+5.0 %; declining lakes have negative change; o i the 1995-2000 time interval. Between 2005 and 2010,
ar?d growing lalfes have positive Cha.nge' Lake watersheds that co he majority of these lakes have been declining. In contrast
tain glacial regions are delineated in blue, and those that do no . . Ny )
contain glacial regions are delineated in red. Glacial regions are i akes not Cpnnected to gI_aCIers have decllned in 1985 through
white and outlined in black, and the SRTM DEM hilishade is shown 1995, but increased during 1995-2000, likely because of a
in the background. We have not included Laguna Sibinacocha (Lakélimatic forcing. From 2005 to 2010, lake areas have been
ID 2, Fig. 8a) in these analyses as it has been a managed lake sin¢teclining for lakes not connected to glaciers. These findings
the completion of the dam in 1996. are supported by only analyzing lake areas at the beginning

and end of each 5 year interval (Fig. S17).

To summarize, proglacial lakes (e.g., those shown in
lake growth is the influence of the El Nifio—Southern Oscil- Figs. 11 and 12) are in good spatial and temporal agree-
lation (ENSO), which has been suggested to impact glaciament with glacial melting. Case studies on natural hazards
behavior in this region (Rabatel et al., 2013; Vuille et al., including GLOFs have been documented in the Cordillera
2008a; Albert, 2007; Perry et al., 2013; Thompson et al.,Blanca of Peru (Carey, 2005; Hubbard et al., 2005; Vilimek
2013; Morales et al., 2012). This also corresponds well withet al., 2005; Hegglin and Huggel, 2008), north of this study
the significant decrease in glacial area during the strong posiarea, but as of yet no studies exist investigating these haz-
tive ENSO event of 1998. At least, the coincidence in timing ards in this region, and so it is unknown whether the growth
to other lake-area observations and the increase in glacialbf these proglacial lakes poses an immediate hazard or not.
melt rates likely point to a regional climatic signal. The proglacial lakes we have investigated show a variety of

In order to put our analysis into a spatial context, we showresponses but an overall positive trend. The net response of
the lake-area trends for all 50 identified lakes (Fig. 16). Us-lakes not connected to glacial watersheds is more clear: these
ing the SRTM-DEM delineated watersheds for each of theare either remaining stable or declining, but have shown no
lakes, we identified whether they were fluvially connectednet growth over the 1985-2012 time period of this study.
to glaciers upstream or not based on whether any of the re-
sulting watersheds overlapped with any glacial areas (i.e., wé-3 Snow lines
presume connectivity to glaciers if any glacial area is within , o
the extent of each of the 50 lake catchments). In Fig. 16 weR€Mote sensing studies in recent years have used the tran-
have calculated the relative change of each lake between thgl€Nt Snow line at the end of the dry/cold period as a proxy
most recent lake area and the earliest lake area (using Lande" the equilibrium line altitude (ELA) of a given year (Klein
sat TM images only, 1985 to 2011) in percent: positive val- and Isacks, 1999; @strem, 1975; Mathieu et al., 2009; Clare

ues indicate growing regions, and negative values indicatéajt al., 2002). While previously the use of the snow line to es-
declining regions. Al first and last lake-area measurementdiMate the ELA in the outer tropics was based on assumption
are reported in the Supplement (Table S3). of correlation, a recent study (Rabatel et al., 2012) confirms,

The majority of lakes both with and without connectivity with some caveats (specifically, the necessity of validation),

to glaciers are relatively stable. While some lakes connectedhat the highest altitude reached by the snow line over the
to glaciers have declined, no lakes not connected to glacier§OUrse of the entire dry/cold season may provide an estimate

have grown. Specifically, 44 % of all lakes (both connected®f the ELA for that year (although it is likely an underesti-
and not connected to glacial watersheds) are stable. Howevefation)-
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[@]oos Lakes CONNECTED to Glacil Watersheds even 1996/1997 (ELA-5075ma.s.l.) and 1997/1998 (ELA
I | ~5300ma.s.l.) (Rabatel et al., 2012). During the following
aorsh & Area Groweh - . ] 1998/1999 water year, they reported the ELA for Zongo to

3 | be ~ 200 m lower again;- 5100 ma.s.l. In the light of these
‘ - : | results, our findings of the SLA increase for the QIC are not
!—j — unreasonable and correspond well with the change in snow

:Z:: = e f ] line and equilibrium line altitudes of the Zongo Glacier. This

‘ . | 1998 snow-line and AAR measurement appears to be an end-
member, while the 1988 and 2009 snow-line and AAR mea-
surements appear more reasonable.

Based on the relationship between SLA and ELA as re-

o
o
]
=]

) (km2/yr)

0.001F - —

0.005[-

Rate of Lake Change:

Growth (positive) & Decline (negative;

-0.0101

-0.015f 1
Lake Area Decline
-0.0201-

-0.025

1IN0 S envals 0002008 20052010 ported in Rabatel et al. (2012), our measurements are likely

[b]oo2s Lakes NOT CONNECTED to Glacial Watersheds to represent underestimates of the ELA for the given years

goowp X ] (as the SLA on satellite images tends to be an underestimate

£ ooist ] of the true ELA; Rabatel et al., 2012). AARs derived from
wg 0001} —_ ] the 1988 and 2009 snow lines (63 % and 53 %, respectively)
€000 | | Q + ] also indicate positive glacier mass balances (AAR >50 %),
2£ o000l |- — == : — 5 yet given the glacial decline shown in this and other studies,
53 0005 B s —— ] this is clearly not the case. This also lends support to suggest
ES ool : ] that our snow lines are lower (underestimates) than the true

gws, 1 i : £ equilibrium line altitudes for 1988 and 2009 at least.

5 -0.020

[Lake Area Decline

-0.025
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5-Year Intervals 7 CO”C'US'O”S

Fig. 17. Rate of lake-area changes within 5year time intervals for This study makes use of a multitude of multi-spectral satellite
(a) lakes connected to glacial watersheds, dnidlakes not con-  images to obtain time series of glacial and lake areas through-
nected to glacial watersheds. out the Cordillera Vilcanota (CV) in the northern central An-
des from 1975 to 2012. In addition, we report three snow
lines spanning 21 years for the Quelccaya Ice Cap (QIC).
Our results indicate that glacierized areas have been

this region, and those that do date back to the 1960s anatrongly declining throughout the CV. Smaller glacierized ar-

: o .. eas have, in general, higher decline rates than those of larger
1970s, with no more recent measurements. Additionally, it is . . . .
) ; lacierized areas; however, the trends in decline rates are
unknown how the previous studies have measured the sno

line (i.e., on what date, on what point of the glacier whethers'm”ar for glacierized areas of all sizes: decline rates have
o ’ ’ P €9 ' . been higher during the most recent decade (2000-2010) than
it is a mean measurement, as the snow line is rarely consis- "~ - ) L :
X : during the previous decade (1988-1999). Glacierized regions
tent around the glacier, or a maximum measurement, etc.). . ; .
. : at lower elevations also have higher decline rates than those
As a result, we are unable to validate our snow-line measure-

: . at higher elevations. Between 1988 and 2009, the AAR of the
ments to determine whether they approximate the ELA for ) .
o IC has decreased, as the snow line has retreated to a higher
each year or not. The measurements presented in this stu

. . €levation. The strong positive ENSO event during 1998 is a
have been created by a consistent method, and the relativé ™~ . . L : :
) . possible driver for the large decline in glacial area during that
patterns should be accurate due to this consistency.

. . . time period and an explanation for the extremely high snow
During the 1990s and 2000s, glacial retreat has been si fine observed for the QIC during this year.

nificant and is reflected by our snow-line changes between The retreat of alacierized regions throuahout the CV and
1988 and 2009 (Fig. S18). The year 1998 exhibited a par; gact g 9
. . 4 4 beyond has provided increased meltwaters to the downstream
ticularly high snow-line altitude (5526 ma.s..), correspond- lakes of the region. Proglacial lakes have formed since the be-
ing to an AAR of 13%. We note again that 1998 corre- glon. Frog

sponds to a strong positive ENSO event, and we also opdinning of our study’s time series. The majority of proglacial

) . lake growth has occurred since the mid- to late 1990s, which
served lower-than-average glacial-area measurements durin : . . . :
. . : rresponds well with the increase in glacial decline rates.
this year (Figs. 9, 10 and S3 to S11 in the Supplement). A . o . .
AAR of 13 % calculated from this snow line is unsustainable patially, it is evident that lakes downstream of glacial wa-
"tersheds are either stable (37 %) or growing (40 %), while

Even a rise in snow-line altitude (SLA) of 182m between those lakes not downstream of glacial watersheds are mostl
1988 and 1998 seems unrealistic. However, this has alsQ g y

- 0 e 0
been reported for the Zongo Glacier in Bolivia to the south, remaining stable (58 %) or declining (42.%).
which experienced an increase in ELA-9f225 m between

Very few measurements of snow lines currently exist in
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Data from this study provide the most consistent long- Bookhagen, B. and Strecker, M. R.: Spatiotemporal trends in ero-
term time series of glacier and lake area measurements for sion rates across a pronounced rainfall gradient: Examples from
the Quelccaya Ice Cap and the Cordillera Vilcanota region the southern Central Andes, Earth Planetary Sc. Lett., 327-328,
of Peru. Consistency of methodologies and data sources was 97-110, doil0.1016/}.eps|.2012.02.0p2012.
maintained over the period of study and contributes to ro-Bradléy, R S., Vuille, M., Diaz, H. F., and Vergara, W.: Threats to
bust map products. These data can be both incorporated into \/ter Supplies in the Tropical Andes, Science, 312, 1755-1756,

. . 2006.
the GLIMS database, and also be used to gain a more II’]I'Brecher, H. H. and Thompson, L. G.: Measurement of the Retreat of

depth underStand'ng of recent gIaCIaI. and lake area chapges Qori Kalis Glacier in the Tropical Andes of Peru by Terrestrial

throughout the Cordillera Vilcanota, given that documenting  ppotogrammetry, Photogramm. Eng. Rem. S., 59, 10171022,

and understanding past changes is a first step in preparing for 1993,

future changes and consequences. Bronge, L. B. and Bronge, C.: Ice and snow-type classification in
the Vestfold Hills, East Antarctica, using Landsat-TM data and
ground radiometer measurements, Int. J. Remote Sens., 20, 225—

Supplementary material related to this article is 240, 19909.
available online athttp://www.the-cryosphere.net/8/359/ Carey, M.. Living and dying with glaciers: people’s his-
2014/tc-8-359-2014-supplement.pdf torical wvulnerability to avalanches and outburst floods

in Peru, Global and Planet. Change, 47, 122-134,
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