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Abstract. The Cordilleras Huayhuash and Raura are remoteand better-known Cordillera Blanca, and has 117 glaciers
glacierized ranges in the Andes Mountains of Peru. A robustcovering~85kn? (Morales Arnao, 2001). Peaks are typ-
assessment of modern glacier change is important for undeiieally over 6000 ma.s.l., with the highest peak recorded at
standing how regional change affects Andean communities6617 ma.s.l. (Nevado Yeruggj The Cordillera Raura, lo-
and for placing paleo-glaciers in a context relative to mod-cated to the southeast of the Cordillera Huayhuash, has
ern glaciation and climate. Snowline altitudes (SLAs) de-a slightly smaller (55krf) glacier area (Morales Arnao,
rived from satellite imagery are used as a proxy for modern2001). The close proximity of the two ranges allows for a
(1986-2005) local climate change in a key transition zone inreasonable comparison of snowline altitude (SLA) change
the Andes. and assessment of potential regional causes of SLA change.
Clear sky, dry season Landsat Thematic Mapper (TM)The climate on the eastern side of the Andes is largely af-
and Enhanced Thematic Mapper (ETM+) satellite imagesfected by orographic uplift and condensation of moist tropi-
from 1986—2005 were used to identify snowline positions, cal air from the Amazon basin creating an east-west precipi-
and their altitude ranges were extracted from an Advancedation decrease (Kaser and Osmaston, 2002). Modern Trop-
Spaceborne Thermal Emission and Reflection Radiometeical Rainfall Mapping Mission- (TRMM) derived precipita-
(ASTER) digital elevation model (DEM). Based on satellite tion highlighting the east to west gradients are shown effec-
records from 31 glaciers, average snowline altitudes (SLAs)fively at a>5 km scale in Bookhagen and Strecker (2008).
an approximation for the equilibrium line altitude (ELA), for In this study, remote sensing was employed to measure and
the Cordillera Huayhuash (13 glaciers) and Cordillera Rauramap modern snowlines (snow-ice boundaries), as an approx-
(18 glaciers) from 1986—2005 were 5051 m a.s.l. from 1986-imation of the equilibrium line altitude (ELA). Snowlines at
2005 and 5006 m a.s.l. from 1986-2002, respectively. Duringhe end of the melt season map the minimum elevation where
the same time period, the Cordillera Huayhuash SLA experi-glacier ice is continuously covered by snow. Snowline al-
enced no significant change while the Cordillera Raura SLAtitudes (SLAS) serve as a good proxy for ELAs and there-
rose significantly from 4947 ma.s.l. to 5044 ma.s.. fore for mass balance and climate reconstructions. SLAs
in this tropical environment generally track ELAs although
they could be slightly lower than the ELAs (Andrews, 1975);
however, snowlines mapped during the dry season with mini-
mal snow cover should reasonably approximate the ELA po-

The Cordilleras Huayhuash (116 S, 7655 W) and Raura  Sition in the absence of superimposed ice (Klein and Isacks,
(10°27'S, 7646 W) are tropical glacierized ranges located 1998). Remote sensing allowed spatially consistent tempo-
in a remote region of the Andes Mountains in central Perural reconstruction of SLAs over the past twenty years in this

(Fig. 1). The Cordillera Huayhuash is southeast of the largefigh relief region. In order to accurately measure SLAs in
the Cordilleras Huayhuash and Raura, satellite imagery was

q analyzed based on the unique reflectance characteristics of
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Images were preferentially selected during the dry season
to maximize the probability of extracting snowlines at min-
imum snow-cover. One December (wet season) image was
included from 1989 to fill the gap in the late 1980s, and it
displays the lowest snowlines of any measured. In this re-
gion of Peru, the dry season begins during May and gradually
ends through September with typically only 20 % of the total
annual precipitation recorded over this time (Schwerdtfeger,
1976). Seven of nine images were taken from June through
August to best approximate minimum snow cover (Table 1).
Although the images are not from the same date, they are
the best Landsat images available for SLA approximation by
snowline measurement. Images with signs of recent high el-
evation snowfall were not included because they represent
a short-term adjustment rather than the dry season snow-
line. Absence of cloud cover was also considered because
clouds obscure glaciers and create shadows that complicate
: the classification process. The high relief of the ranges also

.o, == u B means that many small glaciers could not be included due
TISTW W T6°45W to the presence of shadows. These constraints limited snow-
line measurement to 9 years over a twenty year period on 31

Fig. 1. The Advanced Spaceborne Thermal Emission and Reflec

ion Radi ASTER) DEM of the Cordil Huavhuash d'glaciers in the Cordilleras Huayhuash and Raura.
tion Radiometer ( ) ofthe Cordilleras Huayhuash and = 5 sierized valleys were identified using the name of the
Raura was used for SLA measurements due to its high, uniform res:

olution (15-m). The inset map of Peru shows the general IocationIake in the closest.valley (Fig. 2; A-Z and AA_EE)'. Since
of the cordilleras. cochameans lake in Quechua, most valleys cont@icha

in part of their name. This naming scheme was used when-
ever possible for glaciers to minimize confusion. If a lake

. . -, was not located within a reasonable distance from the glacial
Although both snowlines and terminus positions could be .
terminus, then the name of the nearest peak was used.

measured using remote sensing, snowlines and thus SLAS,
were monitored here because they respond directly and an-
nually to local meteorological influences in a region where2.2 Image calibration

meteorological data are scarce yet significant. Modern SLA ,
variability is important on a regional scale, as mountain -@ndsat 5 TM data used for SLA measurements were cali-

glaciers are important sources of water for agriculture, hy_brated to radiance and then planetary reflectance as a method

droelectric power, and consumption, particularly during the©f Standardization.  Similar calibration techniques were
dry season (Kaser et al., 2003; Mark, 2005; Bradley et al.€mployed on Bolivian Landsat TM images by Klein and
2006), throughout the Peruvian coastal desert. Our data iniS2cks (1998) to improve the quality of snow-ice differentia-
clude new spatial and temporal SLA variations monitoregtion- The procedures for calibration employed in this study

with satellite imagery, which may be used as a climate proxyere taken from Chander and Markham (2003). Once cali-
in this remote region. brated for radiance and reflectance, images had pixel values

ranging from 0-1.0, representing planetary reflectance as a
ratio. The equations used for all calibrations are found below

2 Methods (Egs. 1 and 2). Data from Tables 1 and 2 were used in these
calculations.
2.1 Satellite image selection The following procedures were used to calibrate images

according to the effects of different solar angles and ir-
Landsat 5 Thematic Mapper (TM) and Landsat 7 Enhancedadiance values between bands. To calibrate the images,
Thematic Mapper (ETM+) data with 30-m resolution were metadata were provided by the Global Land Cover Facil-
used for snowline observations. Landsat 5 TM data werdty (GLCF) at the University of Maryland, or by the United
compiled for 1986, 1989, 1991, 1996, and 1997 and Landsabtates Geological Society, EROS Data Center (EDC) (Ta-
7 ETM+ data were used for 1999, 2002, 2004, and 2005ble 1).
Dates and sources for each image are in Table 1. Radiance was calculated as:

L= [(Lmax— Lmin)DN,;;x] -DN + Lmin @)
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Table 1. Landsat 5 and Landsat 7 data were used for SLA measurements. Data were purchased from the United States Geological Survey
Eros Data Center (USGS/EDC) or acquired from the Global Land Cover Facility (GLCF) at the University of Maryland. Metadata was
extracted from both sources in order to form complete data sets. Valug¢afemot provided for the ETM+ data because we did not process

it. Scan Line Corrector failure for ETM+ images reduced the number of glaciers that could be assessed, but several glaciers were clearly
imaged and the data were used for the study.

Date Sensor Source Resolution d
(meters) (astronomical units)

22 June 1986 Landsat5 TM USGS/EDC 30 1.0163
30 December 1989 Landsat5TM GLCF 30 0.9833
15 September 1991 Landsat5 TM GLCF 30 1.0057
24 June 1996 Landsat5 TM USGS/EDC 30 1.0164
27 June 1997 Landsat5 TM USGS/EDC 30 1.0165
5 August 1999 Landsat 7 ETM+ USGS/EDC 30 N/A
17 June 2002 Landsat 7 ETM+ USGS/EDC 30 N/A
6 June 2004 Landsat 7 ETM+ USGS/EDC 30 N/A
11 July 2005 Landsat 7 ETM+ USGS/EDC 30 N/A

769 45'W Table 2. Band-specific data fof.min and Lmax provided in this
.......................... CRER TR table were for spectral radiance calibration for all Landsat 5 data
using the calibration technique in Eq. (1). Band-specific data for
solar exoatmospheric irradiance) (vere used in Eq. (2) to calibrate
Landsat 5 data.

10°10'S

10°15'S

Band Lmin Lmax S[W(m™2pm)]

1 —-1.52 152.1 1957
" 2 —2.84 296.81 1826
BRSO R N R R L N e R 3 —1.17 204.3 1554
S 4 —-1.51 206.2 1036

5 -0.37 27.19 215

7 —0.15 14.38 80.67

10°25'S

The variables were defined by:

L; = spectral radiance in Wnf srtpm1

Lmin = spectral radiance whef2N = 0; (Table 2)
Lmax= spectral radiance whefaN = 255; (Table 2)

DN =the value of each wavelength band (1,2,3,4,5,7)
DNmax= maximum value for each band (255).

Bands were corrected individually to account for unique
Fig. 2. Locations of glaciers discussed in the paper. Labels cor-DNmax values and the wavelength specific data found in Ta-
respond to glaciers in Tables 3-5. Glaciers are labeled as folble 2. Values from Table 2 can be used for Landsat 5 TM
lows: Jahuacocha (A), Mitococha (B), Chaclan (C), Carhuacochdmages taken between 1 March 1984 and 4 May 2003 (Chan-
(D), Gangrajanca (E), Quesillococha (F), Azulcocha (G), Carniceroder and Markham, 2003).

(H), Barrosacocha (1), Jurau (J), Sarapococha (K), Caramarca (L), Equation (2) was used in conjunction with the radiance im-
Rasac (M), Luychos (N), Huascacocha (O), Jaico (Plioklocha  gges to create an image directly comparable to pre-calibrated
(Q), Putusay (R), Checchi (S), Yuracocha (T), Agopampa (U), Vi- | gandsat 7 ETM+ images.

conga (V). Aguascocha (W), Carcamachay (X), Caballeros (Y), Planetary reflectance was calculated from:
Mancaneota (Z), Pichuycocha (AA), Santa Rosa (BB), Condorsenja

(CC), Yanco (DD), Caballococha (EE). Green (red) labels indicate pp — 7 ., 425111 2)
glaciers with SLAs that are higher (lower) than the mean SLAs for
the range.

0'S

10°3

77°W 76°55'W 76° 50'W 76°45'W 76°40'W
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where, pixels. Borderline pixels were excluded from training area
op = wavelength-specific planetary reflectance differentiation to prevent overlapping values and false clas-
(dimensionless) sification. Although snow and firn may have similar spectral
d = Earth-Sun distance (astronomical units) see Table 1 ~ properties, we believe our classification scheme properly dis-
for values tinguished snow from other spectrally-similar materials as a
S =band-specific solar exoatmospheric irradiance result of the exclusion of borderline pixels within training ar-
(Wm—2pm-1) eas; however, we have no field data to support our method’s
u = cosine of the solar zenith angle. ability to distinguish snow and firn and acknowledge that this

Earth-Sun distances were obtained based on the day ghay have contributed to an unknown, variable magnitude of
year when each image was taken. The solar zenith anglérror for each image’s snowline delineation. Avalanche-fed
(SZA) is /2 — solar elevation (radians). This process elimi- glaciers were also avoided during training area classification
nates the effects of the changing position of the sun betweedue to ambiguous pixel coloration. Images were classified
images. Once all variables were defined, each band was cabased on their training area pixel values in order to create an
ibrated to planetary reflectanceyf using the data for solar image with all materials distinguished by their spectral val-
exoatmospheric irradiancé) from Table 2. Deep shadows ues rather than manual interpretation.
were used to remove atmospheric effects. ] ] ) ]

2.5 DEM comparison and snowline elevation extraction

2.3 Geographic registration . . .
Linear overlays representing snowlines were created follow-

After completing calibration, the images were geographi-ing image classification. The snowlines were overlaid on two

cally registered to the coordinate system from the previousl)ﬂ'g'talfeleva;'olrrlno?elsR (([j)EMI'S) o extLactl\ASLAs. 251'\_/:;
georeferenced 1997 ETM+ image. The coordinate syste ere from the Shuttle Radar Topography Mission ( )

(UTM 18S, WGS 84 datum) from the 1997 image was se-andthe Advanced Spaceborne Thermal Emission and Reflec-

lected as the base because the image displays the Iargetécfn R_adlometer (ASTER). The SRTM ar_1d ASTER digital
glaciated area including the Cordilleras Blanca, Huayhuash(alevatlon models were compared_usmg .|dent|f|able ground
and Raura. A large number-80) of ground control points features (e.g. moraines) to determine their accuracy.

(GCPs) distributed throughout each image were selected for Near-gllob.al 3-arc second (90-m) DEM datg from the
georeferencing purposes. GCPs were focused around, blﬁRTM mission (Februar_y 2000, Fgrr gnd K(.)b“.c.k’ 2000)
did not include, glacial margins due to their annual variabil- /&S eva_luated for snowline determln_atlo_n. Slgnlﬂcant data
ity. All other images were georeferenced using GCPs an@ps exist ff°"T‘ shadow and layover in high relief areas due
registered to the 1997 image. Some coordinate offsets of° the sythetlc aperture radar geometry. Dgta gaps were
+140m (5 pixels) magnitude were present in several regpatched with over—;amplgd GTOPO30 data with 30-arc sec-
istered images but the offsets were confined to the highes?nd (~1km) resolution (Bliss and Olsen, 1996). The patched

peaks where distortion is expected as these images were reg@solun?n VSviSAStI” inadequate, as high rlesolu'::og was netfr-
istered, not orthorectified. There was little distortion in the ESS&ry Tor measurements In severa patche areas. 10
SLA zones. improve the problem of extracting reliable elevations, the

stereo capabilities of ASTER band 3N (nadir) and 3B (back-
ward) allowed creation of a DEM with 15-m spatial reso-
lution using the ASTER DEM module for ENVI (Fig. 1).

We used supervised classification of each calibrated image t8-STER data were higher resolution, but peak elevations
get the snow-ice boundary. This method was used rather thaf€7€ inaccurate. Despite the coarse elevations provided by

the standard TM 4/5 ratio method applied by De Angelis etth€ lower resolution SRTM DEM, it was used with La Carta
Nacional 1:100000 topographic map (Yanahuanca: Hoja

al. (2007) because calibrated images had enough variabilit)é - X
in the spectral values of various materials that some feature§1: 2002) of Peru to determine the extent of the ASTER

were clearly misclassified. Each image was classified indi-°EM limitations. Elevations were compared at multiple lo-

vidually to prevent false classification of snow and ice due toCations &100), exposing a region of underestimated ele-
overlapping pixel ranges. Training areas such as clear watel/2lions above 5600m on the ASTER DEM relative to the
show, ice, clouds, snow in shadow, recently exposed bedrockSRTM DEM and the topographic map. Because SLAs were

weathered bedrock, wetlands, slopes with vegetation, an&€!0W the inaccurate region, the ASTER DEM was consid-
ered the most accurate DEM for this purpose. Error analy-

water containing glacial flour were defined on each image® ¢ )
to incorporate various materials necessary for characterizing's from the comparison between the two DEMs is beyond
e scope of this paper. The ASTER DEM was reliable be-

the image and distinguishing snow and ice. Training are k A
size and material composition were distributed to minimizeOW 5600 ma.s.l. and less reliable at elevations greater than

user bias and image variations. Each training area, composegf00 Ma-s.I., with SLAs located below the distorted zone.
of multiple individual regions, contained over one hundred

2.4 Supervised classification

The Cryosphere, 5, 41830, 2011 www.the-cryosphere.net/5/419/2011/
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Table 3. Mean and standard deviation values for SLAs on each glacier in the Cordillera Huayhuash extracted from a 2005 ASTER DEM.
The mean SLA for the range, displayed in the bottom right, is the mean of the individual glacier means for each year. The standard deviation
for the mean SLA is calculated as a population statistic as described in the text.

Cordillera Huayhuash

| Jahuacocha(A) |  Mitococha (B) | Chaclan (C) | Carhuacocha (D)| Gangrajanca (E) | Quesillococha (F)

Year | Mean Standard | Mean Standard | Mean Standard | Mean Standard | Mean Standard | Mean Standard

(m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation
(m) (m) (m) (m) (m) (m)
1986 | 5272 117 5009 71 4998 57 5133 41 5160 18 4875 40
1989 | 5124 94 5017 50 4927 57 5095 28 5118 30 4880 8
1996 | 5297 138 4992 44 4917 33 5059 23 5120 38 4923 22
1997 | 5200 100 4996 40 4947 49 5071 30 5110 26 4877 25
1999 | 5237 137 5023 42 4938 53 5069 39 5110 43 4876 25
2002 | 5271 128 5055 28 4931 87 5074 34 NA NA 4979 32
2004 | 5275 112 NA NA NA NA 5092 40 5103 28 5008 23
2005 | 5291 117 5071 29 4971 21 5112 31 5121 28 4991 40
Mean | 5246 48 | 5023 17 | 4947 21 | 5088 12 | 5120 12 | 4926 10

| Azulcocha(G) |  Camicero(H) | Barrosacocha (l) | Jurau (J) | Sarapococha (K) | Mean SLA

Year | Mean Standard | Mean Standard | Mean Standard | Mean Standard | Mean Standard | Mean Standard

(m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation
(m) (m) (m) (m) (m) (m)
1986 | 5149 O 5030 71 NA NA 4929 271 NA NA 5062 36
1989 | 5088 14 4992 34 5035 28 4938 194 5147 99 5033 23
1996 | 5093 14 NA NA 4992 25 4928 381 5074 86 5039 42
1997 | 5094 36 5104 44 5011 18 4946 178 5107 94 5042 22
1999 | 5023 6 NA NA NA NA 4913 177 5118 108 5034 29
2002 | 5002 41 5050 16 4920 18 4945 151 5140 109 5037 25
2004 | NA NA 5087 10 5041 5 4908 295 NA NA 5074 46
2005 | 5109 27 5109 27 5038 25 4941 320 5193 92 5086 33
Mean | 5080 9 5062 16 5006 9 4931 91 5130 40 5051 11

Snowlines were mapped for each of 31 glaciers for ev-were excluded from Table 4 because their limited spatial cov-
ery year with useable imagery and overlaid onto the ASTERerage prevented proper statistical analysis of snowlines ob-
DEM to determine the altitude range of snowlines (Fig. 2, Ta-tained from the satellite imagery. Values discussed through-
bles 3 and 4). Snowlines were mapped at the lowest elevatioout the text are the means for individual glaciers or for the
with nearly-continuous snow cover across the entire glacielentire range, both of which may have upwards of 10 s of me-
width, thus ignoring discontinuous patches of snow at lowerters of uncertainty due to snow cover, differences in season-
elevations which may have been more influenced by local efality, surface elevation changes relative to the 2004 DEM,
fects (i.e. crevasses, shadowing, etc.) than air temperaturénaccuracies in the DEM, etc. Standard deviations presented
ASTER DEM elevations were extracted from all cells inter- here do not include these uncertainties, but instead, reflect
secting the linear overlays, providing minimum, maximum, the elevation range of individual glacier snowlines.
mean, and standard deviation values for the annual SLA on
each glacier. Tables 3 and 4 contain the extracted mean and
standard deviation for glacier SLAs in both cordilleras. Itis 3 Results
important to note that data derived from the ASTER DEM
do not account for changes in surface elevation throughounowline altitudes (SLAs) were calculated for 31 glaciers:
the time series, which were not quantified for these rangesl3 glaciers in the Cordillera Huayhuash and 18 glaciers in the
Additionally, SLA data from Caramarca (L) and Rasac (M) Cordillera Raura. In the Cordillera Huayhuash, individual
glaciers were excluded from Table 3 and the statistical resultglaciers’ SLAs range from 482640 ma.s.I. (Quesillococha
shown therein due to their limited time series (2 of 9 yr). Data (F), 1986) to 5293117 ma.s.l. (Jahuacocha (A), 2005), ex-
from 1991 were excluded from Table 3 and data from 2005¢cluding snowline data from Caramarca (L) and Rasac (M)

glaciers (Table 3). Individual glaciers in the Cordillera

www.the-cryosphere.net/5/419/2011/ The Cryosphere, 5,43®2011
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Table 4. Mean and standard deviation values for SLAs on each glacier in the Cordillera Raura extracted from a 2005 ASTER DEM. The
mean SLA for the range, displayed in the bottom right, is the mean of the individual glacier means for each year. The standard deviation for
the mean SLA is calculated as a population statistic as described in the text. Due to the Scan Line Corrector failure there was some image
degradation that affected Cordillera Raura glaciers in particular.

\ Luychos (N) | Huascacocha (O) | Jaico (P) | Nifococha (Q) | Putusay (R) | Checchi(S) |  Yuracocha (T)

Year | Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard
(m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation

(m) (m) (m) (m) (m) (m) (m)

1986 | 4987 21 4958 36 4991 36 5043 22 5027 18 4834 23 4870 7
1989 | 5019 36 4984 19 5014 68 5048 15 5076 34 5010 17 4873 4
1997 | NA NA 5036 13 4983 62 5081 7 5069 30 4996 30 5083 37
1999 | 5010 20 4959 8 4979 60 5065 13 5094 12 4989 27 5106 29
2002 | 5004 24 4985 9 4994 60 5062 13 5093 18 5009 16 5107 30
Mean | 5005 13 | 4984 9 | 4992 26 | 5060 7 | 5072 11 | 4968 10 | 5008 11
|  Agopampa (U) | Viconga (V) | Aguascocha (W) | Carcamachay (X)| Caballeros(Y) | Mancaneota(Z) | Pichuycocha (AA)

Year | Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard
(m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation

(m) (m) (m) (m) (m) (m) (m)

1986 | NA NA 4743 5 4853 24 4763 19 5135 6 5014 32 5117 31

1989 | NA NA 4799 8 4921 65 4800 15 5130 12 5008 15 5111 20

1997 | 5088 64 4840 25 4913 55 4911 22 NA NA 5151 23 5173 71

1999 | 5112 88 4916 7 5038 23 4952 30 5132 1 5123 23 5188 54

2002 | 5180 38 4929 16 NA NA 4948 42 5135 6 5133 28 5196 60

Mean | 5127 38 | 4845 6 | 4931 23 | 4875 12 | 5133 4 | 5086 11 | 5157 23
| SantaRosa(BB) | Condorsenja (CC)] Yanco (DD) | Caballococha (EE)| Mean SLA | |

Year | Mean Standard Mean Standard Mean Standard Mean Standard Mean Standard
(m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation | (m) Deviation

(m) (m) (m) (m) (m)

1986 | 4985 57 5067 15 4911 30 4802 26 4947 7
1989 | 4942 29 5076 10 4908 17 4875 41 4976 7
1997 | 4963 68 5074 6 4974 40 4895 26 5014 10
1999 | 5027 31 5076 1 4939 14 4880 33 5033 8
2002 | 5063 42 5077 O 4938 15 4898 30 5044 8
Mean | 4996 21 5074 4 4934 11 4870 14 5006 4

Raura exhibited comparable ranges, extending from 4743 cance of SLA differences, a normal distribution was assumed
5ma.s.l. (Viconga (V), 1986) to 519660 ma.s.l. (Pichuy- for all SLAs. Although this assumption may be invalid when
cocha (AA), 2002) (Table 4). The mean SLAs ranged from sample size is quite smakt (< 5), the assumption was nec-
5033+23ma.s.l. (1989) to 508633 ma.s.l. (2005) for the essary to perform the 2-sample t-tests used in this study.
Cordillera Huayhuash and from 49477 ma.s.l. (1986) to

5044+8ma.s.l. (2002) for the Cordillera Raura. 3.1 Glaciers of the Cordillera Huayhuash

We looked at annual SLAs for indivigiu_al glaciers as well g\ ylines for the Cordillera Huayhuash were mapped for
as mean SLAs and the standard deviations for each rangg, .y, giacier labeled in Fig. 2. Snowline locations for the

(Tables 3 and 4). The standard deviations for the mean SLA-ordillera Huayhuash are displayed as overlays on an 4—
for the Cordillera Huayhuash were larger than those for the5 August 1997 Landsat TM band-3 mosaic in Supplement
Cordillera Raura primarily due to the presence of severaIFig_ S1. Due to the large variability in individual SLAs, the
glaciers with widths>1-km in the Cordillera Huayhuash. mean SLA was used to characterize the prevailing behav-
The larger individual standard deviations for these “wide” ;o o¢ the range. Overall, the mean SLA for the Cordillera
glaciers strongly influenced the standard deviation for theHuayhuash rose from 506236 ma.s.l. in 1986 to 5086
mean SLA, calculated as the square root of the sum of theyz 15 5| in 2005. Although the SLA rise was not statis-
varianc_:es f_or the ininiduaI glaciers divided by the numberticauy significant at the 95% confidence levét & 0.076),

of glaciers included in the mean calculation. For the purposgpe yeatively small P-value indicates that the rise was fairly

of the statistical calculations used to derive SLA means anqunlikely to be a product of random natural variability alone.
standard deviations, SLAs for individual glaciers were as-

sumed independent. In order to determine statistical signifi-
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E. M. McFadden et al.: Landsat TM and ETM+ derived snowline altitudes in Peru 425
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Fig. 3. Mean SLAs for each glacier for the Cordillera Huayhuash and Cordillera Raura. The error bars represergtandard deviation
from the mean. All y-axes have the same range (500 m) although the altitudes vary. See Tables 3 and 4 for the values for each glacier.

Analysis of the mean and individual SLAs indicated that ages. Gangrajanca (E) glacier may also have provided un-
some of the thirteen glaciers in the Cordillera Huayhuashreliable data for several years due to recent avalanches, al-
provided more reliable SLAs than others; calculated SLAsthough no ground-truth data supported the presence of fre-
were most reliable in valleys that were not avalanche-fed andjuent avalanches. With these considerations in mind, eleven
where SLAs could be measured in almost all Landsat imagesf thirteen glaciers with the most complete time series were
throughout the time series. The Sarapococha (K), Caramarcased to create a comprehensive mean SLA (as described in
(L), and Rasac (M) glaciers may have provided unreliableSect. 2.5) and to analyze the spatial distribution of modern
data due to shadow obscuring their snowlines in several imSLA change throughout the Cordillera Huayhuash.
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SLA and temporal change in SLASLA) variations from
glacier-to-glacier reflected unique accumulation and ablation
conditions of individual valleys, as indicated by the SLA
variability shown in Fig. 3. Plots of the Cordillera Huay-
huash and Cordillera Raura SLAs in Fig. 3 were arranged al-
phabetically according to glacier IDs (Fig. 2, Tables 3 and 4,
respectively) for consistency with the rest of the text.

We compared the mean SLAs to Jahuacocha (A) and Cha-
clan (C) glaciers (14.8 S) in the Cordillera Huayhuash
as a case-study of inter-annual variability across the ridge.
These glaciers were specifically selected because Jahuacoct
glacier had the largest inter-annual variability and second
largest SLA elevation range (i.e. standard deviation) of all
glaciers in the Cordillera Huayhuash, making it an interest-
ing example of end-member behavior. TASLA of Jahua-
cocha glacier from 1986 to 2005 was indiscernible due to
its large standard deviation; however, the SLA change from
5124+94 ma.s.l. t0o 529F 138 ma.s.l. from 1989-1996 may
indicate positive, although not statistically significa§LA
during this time period. When this value was compared to
the contemporaneousSLA of —10m (492457 ma.s.l. to
49174+ 33ma.s.l.) for Chaclan glacier, no relationship be-
tween inter-annual SLAs was evident. Differences between
the SLAs of these glaciers may have been due to their loca- @ VA
tions on opposite sides of the ridge or other microclimate fac- | @ >5200 meters
tors. Additionally, the inter-annual SLA variability demon- | © 5100-5200 meters

. . . . O 5000-5100 meters
strated for these glaciers was not ubiquitous, as shown in| g i, 5000 meters
Fig. 4, emphasizing the need to examine changes in the meal| @ <4900 meters
SLA for the entire range rather than considering a few select

gIaCIe'rS as regional archetypes. Fig. 4. Time series of the Cordillera Huayhuash SLAs from 1986—
Klein and Isacks (1998) mapped a strong east-west SI-'0‘2005. Data gaps represented by black circles are primarily at-

difference from 1984 to 1987 across the eastern ridge Ofiputed to shadow or poor snow-ice differentiation. Glaciers on
the Andes Mountains in southern Peru using remote sensthe western side of the ridge typically have higher SLAs than those
ing techniques similar to those described above. Their datan the eastern side. Little annual change can be distinguished in
described the eastern branch of the Andean Cordillera, howseveral images due to large elevation categories.
ever, the trend of lower eastern and higher western SLAs
should exist in the Cordillera Huayhuash due to the sim-
ilar easterly source of precipitation (e.g. Kaser and Os- Although the mean SLA was lower on the eastern side
maston, 2002; Bookhagen and Strecker, 2008). MearPf the ridge in the Cordillera Huayhuash, only half of the
SLAs in the Cordillera Huayhuash were 50509 ma.s.l. glaciers on the eastern side had SLAs lower than the mean for
(51004+ 148 ma.s.l.) in 1986 and 504519 ma.s.l. (5069 the range during the study period. The differences between
57 ma.s.l.) in 2002 for the eastern (western) side of the ridgedlacier SLAs are not easily explained, though there were two
The difference across the ridge was not statistically signif-distinctgroups. One of the groups was in the northeast part of
icant in 1986 @ =0.358) or in 2002 £ =0.082). Sim- the range and the other was in the southern part of the range
ilarly, the difference across the ridge was not statistically SPanning the east and west sides of the ridge (Fig. 2). One
significant in 2005 P = 0.183) when the mean SLAs for Possibility is that different valley orientations with respect
the eastern and western sides were 5889 ma.s.l. and t0 high mountain peaks channeled moist air into the lower
5116+ 88 ma.s.l., respectively. The lack of statistical sig- SLA valleys and deflected moist air from the higher SLA val-
nificance for the difference between the eastern and westerl¢ys. Although this hypothesis could explain the lower SLA
SLAs in the Cordillera Huayhuash was most likely due to thetrends, the exact mechanisms causing the air movement were
large standard deviation associated with the western meaRot clear.
SLA from the influence of the large standard deviation of Ju- In addition to the east-west differences in the mean SLA
rau (J) glacier (Fig. 4) and the relatively small mean SLA noted above, all glaciers with falling SLAs throughout the
difference (~50 m) across the ridge. study period (Chaclan — C, Carhuacocha — D, Gangrajanca
— E, and Azulcocha — G) were located on the eastern side

Annual SLAs
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SLA Change
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Fig. 5. SLA change from 1986—2005 in the Cordillera Huayhug@gtand from 1986 to 2002 for the Cordillera Rab. If SLA data were
unavailable for 1986 and/or 2005 for the Cordillera Huayhuash or for 1986 and/or 2002 for the Cordillera Raura, data from the closest year
with available data were used to calculate SLA change. AB&A values for individual glaciers are shown as colored circles, with dark

red circles indicating the largest SLA rise and darker blue circles indicating SLAs that fell. Calculath®1Ldfs excludes consideration of

SLA standard deviations.

of the range (Fig. 5a). Although four glaciers with falling than the Cordillera Huayhuash (5 dates from 1986—2002), the
SLAs were located on the eastern side of the range, glaciersme series provided a fairly consistent data set for individual
with significant SLA rises £70 m) were also found on the glaciers. The mostimportant temporal trend derived from the
eastern side, generating questions regarding why SLAs wer€ordillera Raura was the rising SLAs on all glaciers through-
so highly variable for nearby glaciers. We investigated theout the range (Fig. 3). Individual glacier& SLAs range
possibility of unreliable images to determine the validity of from negligible change on Caballeros (Y) glacier to +236 m
all measurements and found that although abnormally lowon Yuracocha (T) glacier (Fig. 5b), with a meaSLA of
SLAs could have been attributed to recent high elevation+97 m from 1986 to 2002.

snow events, the elimination of images with signs of recent Spatial variability throughout the Cordillera Raura demon-
snowfall minimized the effects of snow events on our analy-strated an east-west contrast in SLA trends that differed from

Sis. the Cordillera Huayhuash, as shown in the SLA time series
for the Cordillera Raura (Fig. 6). On average, SLAs from
3.2 CGlaciers of the Cordillera Raura glaciers on the western side of the ridge had lower SLAs

than those on the eastern side; in contrast to the Cordillera

SLAs from the Cordillera Raura provided an additional Huayhuash, which had lower SLAs on the eastern side of the
proxy for regional climate variability in the central Andes, ridge. The east-west difference, largest in 1986, decreased
with presumably comparable climatological conditions rel- in magnitude during the study period due to a more rapid
ative to the neighboring Cordillera Huayhuash. EighteensLA rise on the western side of the ridge. In 1986, the
glaciers in the Cordillera Raura were observed from 1986 toyestern SLAs (Fig. 2) were located at a mean elevation of
2005 with satellite images from 6 yr during the study period. 4878+ 10 ma.s.l. and eastern SLAs were located at a mean
Snowline locations for the Cordillera Raura are displayed asof 5008+ 9 ma.s.l. In 2002, the SLAs were located at mean
overlays on an 4-5 August 1997 Landsat TM band-3 mosaig|evations of 5039 ma.s.l. and 505511 ma.s.l., respec-
in Supplement Fig. S2. Statistics calculated for this range extively. The difference between the eastern and western SLAs
cluded data from 2005, due to the failure in the scan line corwas statistically significant at the 95 % confidence level for
rector of the Landsat satellite in 2003, which resulted in large1986 (P < 0.001) and for 2002 # < 0.001). The results of
gaps in spatial coverage over many glaciers in the Cordillerahe t-test suggest that although the difference between eastern
Raura. and western SLAs decreased with time, the difference did not

The mean SLA for the Cordillera Raura rose from 4347 pecome small enough to be attributed to random variability
7ma.s.l. to 50448ma.s.l. from 1986 to 2002.The mean alone, excluding other possible sources of error not included
SLA rise was statistically significant at the 95 % confidencein our calculated means and standard deviations.
level (P < 0.001), indicating that the SLA rise was large
enough that we can confidently say it reflected real SLA4 Discussion and conclusions
change rather than random variability, in the absence of the
other error sources not included in our standard deviationsSLAs in the Cordilleras Huayhuash and Raura were tempo-
Although data were more limited for the Cordillera Raura rally and spatially variable, as shown in Table 5. From 1986
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Table 5. Summary of mean, standard deviatigxvalue, and lin-
ear trend for individual glacier SLAs. The solid horizontal line dis-
tinguishes Cordillera Huayhuash glaciers (top) from those in the
Cordillera Raura.

Glacier Mean SD ASLA  Linear Trend R2P
(masl) (m) 1986-2005 (mal
Azulcocha (G) 5080 9.2 —-40 —-4.0 0.29
Barrosacocha (1) 5006 8.7 2.4 —-8.2 0.86
Caramarca (L) 5066 67.7 111 (+) 139 1
Carhuacocha (D) 5090 11.9 -21 -1.2 0.12
Carnicero (H) 5062 15.9 79 (+) 43 0.57
Chaclan (C) 4947 20.6 —26.2 —-1.0 0.06
Gangrajanca (E) 5123 145 —-38.4(+) —-1.8 049
Jahuacocha (A) 5248 38.8 19 33 017
Jurau (J) 4927 85.2 12 0.32 0.02
Mitococha (B) 5021 15.9 62.2 (+) 29 045
Quesillococha (F) 4914 9.6 116 (+) 7.6 0.64
Rasac (M) 5434 45.7 79.2 (+) 158 1
Sarapococha (K) 5119 425 -75 47 0.32
Annual SLAs
@ NA Agopampa (U) 5134 29.6 72.2 (+) 9.6 0.67
@ >5200 meters Aguascocha(W) 4932 22.8 185.6 (+) 9.9 0.64
© 5100-5200 meters Caballeros(Y) 5133 3.0 -1.8 0.02 0.006
(O 5000-5100 meters Caballococha (EE) 4870 14.1 95.1 (+) 4.7 0.66
@ 4900-5000 meters Carcamachay (X) 4903 12.7 2789 (+) 13.7 0.97
@ <4900 meters Checchi (S) 4968 105 151.3(+) 7.4 0.45
Condorsenja (CC) 5074 3.8 7.7 (%) 0.43 0.54
Huascacocha (O) 4984 9.0 25 (+) 1.4 0.084
Jaico (P) 4992 26.0 5.6 -1.0 0.23
Fig. 6. Time series of the Cordillera Raura SLAs from 1986—-2005. Luychos (N) 5005  13.1 17.2(+) 056 0.1
Data gaps represented by black circles are due to shadow or poorxiigiizﬁgt?é)z ) §§§§ 161 71 1352 (+2)6 9'21 7 g'gg
snow-ice differentiation. Glaciers on the western side of the ridge pichuycocha (A8) 5157 227 75.7 (+) 57 095
typically have lower SLAs than those on the eastern side. Little Putusay (R) 5072  10.7  65.5(+) 3.3 0.67
annual change can be distinguished in several images due to Iarge\f}ama RCE\S/? (BB) 4;386 ;14-4 2?1;';?)) 131 g-gi
: : iconga . 8(+ . .
elevation categories. Yanco (DD) 4934 114 8 26 045
Yuracocha (T) 5022  11.8 235.9(+) 14.7 0.86

to 2005, the mean SLA in the Cordillera Huayhuash was sta- _ _ '

ble (a statistically insignificant rise from 508236 Ma.s.l. g\ heccicary refoct offcal geonraphic names. Refor o Fig. 2 o approximate.

to 5086+ 35 ma.s.l. was observed). In the Cordillera Raura, locations. Annual SLAs are reported in Tables 3 and 4 and Fig. 4.

the mean SLA rose from 49477 m a.s.l. to 50448 m a.s.| & ASLAs significant at the 95 % confidence level are in bold with a (+) behind the
e e value.

from 1986 to 2002. Modern SLAs in southern Peru have® k2 values are bold if they exceed 0.5.

been documented near 5200 m (Mark et al., 2002; Dorn-
busch, 1998), and the lower SLAs documented here may bg he rigge were lower than the mean SLA in the Cordillera

attribut_ed to topographic and/or climatic differences betweenl-luayhuash but higher than the mean SLAs in the Cordillera
the regions. Raura. However, eastern SLAs in both ranges rose at a
A simple comparison of SLAs between the Cordillera sjower rate than their respective western SLAs and, in gen-
Huayhuash and the Cordillera Raura displays multiple sim-eral, the Cordillera Huayhuash SLAs rose at a slower rate on
ilarities as well as noticeable differences between the twogyverage than those in the Cordillera Raura. The east-west
ranges. Although the ranges are located in close proximgifferences in both ranges are illustrated in Fig. 5a and b.
ity, their recent SLA histories are quite different. As shown Similar east-west differences noted in the Cordillera Blanca
in Fig. 7, the mean SLAs from 1986 were much lower in py Kaser et al. (1996) and Kaser and Georges (1997), were
the Cordillera Raura (4947 m) than the Cordillera Huay- only partly accounted for by temperature change throughout
huash (5062 m). The SLAs in the Cordillera Raura, howeverthe region. Kaser et al. (1996) concluded that SLA variabil-
showed a steadier, significant rise from 1986 to 2002 thar]ty was half-explained by temperature change and Kaser and
those of the Cordillera Huayhuash, which were much moreGeorges (1997) stated that changes in humidity, precipita-
variable with no statistically significant trends. In 2002 the tion, and cloud cover were more important than tempera-
Cordillera Raura had a mean SLA of 5648 m a.s.l. and the ture Change as controls of SLA position_ The Opposing pat-
Cordillera Huayhuash had a mean SLA of 58375 ma.s.l.  terns observed for these ranges, therefore, were not easily ex-
Other interesting spatial characteristics arise when complained and may indicate multiple controls of SLA position
paring the two ranges. Overall, the SLAs on the eastern sidsuch as valley orientation, microclimate, hypsometry, and
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Mean Snowline Altitudes for C. Huayhuash. When similar analysis was made in regard to the
Huayhuash and C. Raura (1986-2005) Cordillera Raura, tha T from 1986 to 2005 was +0.0Z to

— 5160 +1.4°C, equivalent to an average of +0.3&/decade. When
$ 5130 I falling SLAs were included in temperature change calcu-
g 5100 : 1 lations, theAT for the two ranges combined varied from
H Zg:g < o *‘-A{ 7T —0.25°C to +1.4°C, an average of 0.5&/decade.
2 om0 r- 1 } e Data analyzed by Vuille and Bradley (2000) provided re-
2 4980 gt cent temperature change estimates of +0@@ecade to
g 4950 g +0.16°C/decade in the Andes Mountains. Temperature
= 4920 ——— changes were derived from regional climate data collected
£ 1985 1967 1989 1991 1863 1995 1997 1999 2001 2003 2005 between 4000 m a.s.l. and 5000 m a.s.l., providing a fairly ac-
uij Year curate base assessment of the temperature change inferred

| by the rising SLAs in the Cordilleras Huayhuash and Raura.
Their AT values averaged +0.2C/decade from 1939-1998
Fig. 7. Comparison of the average SLAs calculated for the with a significant increase to +0.3€/decade from 1973—
Cordillera Huayhuash and Cordillera Raura. Means and standard 9gg jn the Tropical Andes. The linear temperature increase
deviations are calculz?\te.d as described in the text. Error bars 'nd"suggested by Vuille and Bradley (2000) may partially explain
cate+ 1 standard deviation. the contemporaneous linear SLA rise in the Cordillera Raura,
illustrated in Fig. 7. Changes in the Cordillera Huayhuash'’s
catchment area in addition to regional temperature chang&_as were variable throughout the study period and could
and variability. not be explained by a linear temperature increase alone.
Despite possible microclimate difference across the ridge Annual data from Huaraz, Peru located 48936.97' S,
that may have caused the observed east-west SLA variabil77°31'37.3%' W on the western, drier side of the range
ity, mean SLAs were used to represent the prevalent trendgslightly to the SW of the main branch of the Cordillera
in the Cordilleras Huayhuash and Raura, assuming the influBlanca) support our previous assumption that moisture vari-
ence of microclimate on annual individual SLA position is ations throughout the study period did not significantly
random and thus reduced when calculating the mean for thehange SLAs, assuming precipitation totals for Huaraz
range. A statistically significant rise in the Cordillera Raura (3090 ma.s.l.) represent regional precipitation patterns for
mean SLA and an observed, but not statistically significantthe local cordilleras. A similar rate of SLA rise be-
rise in the Cordillera Huayhuash mean SLA, may indicatetween the Cordilleras Huayhuash and Blanca (e.g. Mark
a shift toward a warmer and drier climate in the central Pe-and Seltzer, 2005) in the recent past suggests these regions
ruvian Andes. In general, SLA change is best explained bywere subjected to comparable precipitation variations, which
either decreased accumulation in the wet season or increasegere presumably represented by the Huaraz weather station
ablation during the dry season, or both factors combineddata. A weak tendency toward increased precipitation was
Annual precipitation changes have, however, little effect onrecorded for this region (Vuille et al., 2003, 2008), further
SLAs in the inner tropics relative to variations in air tem- suggesting observed precipitation change should not be re-
perature (Francou et al., 2004; Kaser and Osmaston, 2002ponsible for observed SLA change.
Also, since the dispersion coefficient indicating annual vari- The comparison between owT estimates from SLAs
ations in precipitation is 14 % in the Peruvian Andes (Schw-in the Cordilleras Huayhuash and Raura witif' values
erdtfeger, 1976), suggesting (on average) little precipitationfrom other sources suggests that temperature change is the
change over the 20-yr study period, we assumed moistur@rimary control of SLA position and that the methods em-
variation was not likely to be the primary cause of short- ployed in this study provided reasonable SLA estimates. If
term SLA variability. Furthermore, temperature in the tropi- our assumptions and subsequent conclusions are valid, the
cal Andes is strongly correlated to humidity, cloudiness, anddata suggest that the zero degree isotherm in this region in-
precipitation (Vuille et al., 2008), indicating that variations creased to~5040 ma.s.l., as indicated by the comparable
in temperature strongly influence SLAs through a variety 0f2002 SLAs in both ranges. SLA variability in the Cordillera
meteorological variables. Huayhuash was, however, difficult to explain and may have
If we assume that moisture variations are not a major in-been due to differences in regional weather variability rela-
fluence on temporal trends in SLA position, and an averagdive to the Cordillera Raura. Spatial and temporal variations
lapse rate of-0.6°C per 100 m is applicable, the change in in the Cordillera Huayhuash SLAs, also suggested that hyp-
temperatureAT) from 1986 to 2005 in the Cordillera Huay- sometry, humidity, shading, and microclimate affected inter-
huash ranged from +0.0C to +0.7°C, equivalent to an av- annual SLAs. Despite inter-annual differences between the
erage of +0.2C/decade. ThesAT estimates were derived ranges, the comparable SLAs in both ranges since the late
from individual maximum and minimum SLA changes in 1990’s may reflect long-term temperature change throughout
glaciers with rising SLAs from 1986 to 2005 in the Cordillera the central Peruvian Andes.

| —%® -C. Huayhuash Mean SLA  —M -C. Raura Mean SLA
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The tropical impacts are already well known to those whoDe Angelis, H., Rau, F., and Skvarca, P.: Snow zonation on Hielo
depend on high elevation glaciers for water for consumption, Pata@nico Sur, Southern Patagonia, derived from Landsat 5 TM
agriculture, and hydroelectric power, because 80 % of the data, Global Planet. Change, 59, 149-158, 2007.
water resources on the Pacific side of Peru originate from thé0rnbusch, U.: Current large scale climatic conditions in south
snow and ice in the Andes (Coudrain et al., 2005). Overall, Peru and their influence on snowline altitudes, Erdkunde, 52, 41—

. o o . . 54, 1998.
the glacial change indicated by the rising SLAs in Cordillera Farr, T. G. and Kobrick, M.: Shuttle Radar Topography Mission

Raura since 1986 may indicate a temperature increase in produces a wealth of data, EOS Trans. AGU, 81, 583-585, 2000.

tropical regions. If the SLA rises are close to the upper es'Francou, B., Vuille, M., Favier, V., and Caceres, B.: New evidence
timate for the Cordillera Raura and our temperature calcula- for an ENSO impact on low-latitude glaciers; Antizana 15, An-

tions are valid, the associated temperature increase 6€1.4  des of Ecuador, 0 degrees’ 35 J. Geophys. Res., 109, D18106,
over 20yr should have noticeable implications for glacier doi:10.1029/2003JD004482004.
change, melt water availability and seasonality, and water reKaser, G. and Georges, C.: Changes of the equilibrium-line altitude

sources for local communities. in the tropical Cordillera Blanca, Peru, 1930-1950, and their spa-

tial variations, Ann. Glaciol., 24, 344-349, 1997.
Supplementary material related to this Kaser, G. and Osmaston, H.: Tropical glaciers, Cambridge, Cam-
article is available online at: bridge University Press, 47—207, 2002.
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