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Abstract. The role of glaciers as temporal water reservoirs isfrom other glacierized cordilleras in Peru. The climate data
particularly pronounced in the (outer) tropics because of theshow overall a moderate increase in air temperature, mostly
very distinct wet/dry seasons. Rapid glacier retreat causeeveak and not significant trends for precipitation sums and
by climatic changes is thus a major concern, and decisiorprobably cannot in full explain the observed substantial ice
makers demand urgently for regional/local glacier evolutionloss. Therefore, the likely increase of specific humidity in
trends, ice mass estimates and runoff assessments. Howevéng upper troposphere, where the glaciers are located, is fur-
in remote mountain areas, spatial and temporal data coveragber discussed and we conclude that it played a major role
is typically very scarce and this is further complicated by ain the observed massive ice loss of the Cordillera Vilcanota
high spatial and temporal variability in regions with complex over the past decades.
topography. Here, we present an approach on how to deal
with these constraints. For the Cordillera Vilcanota (south-
ern Peruvian Andes), which is the second largest glacierized
cordillera in Peru (after the Cordillera Blanca) and also com-1  Introduction
prises the Quelccaya Ice Cap, we assimilate a comprehen-
sive multi-decadal collection of available glacier and climate Mountain glaciers are a major fresh water resource for peo-
data from multiple sources (satellite images, meteorologicaple living in, nearby or in the adjacent lowlands of mountain
station data and climate reanalysis), and analyze them foranges (Barnett et al., 2005). Observed worldwide glacier
respective changes in glacier area and volume and relatetgtreat is thus an important concern for the availability of
trends in air temperature, precipitation and in a more generalresh water in these areas. In the tropics, late 20th cen-
manner for specific humidity. While we found only marginal tury glacier retreat has been observed to be particularly pro-
glacier changes between 1962 and 1985, there has beennaunced (IPCC, 2007; Rabatel et al., 2012). Moreover, be-
massive ice loss since 1985 (about 30% of area and aboutause of the distinctive outer tropical hydrological season-
45% of volume). These high numbers corroborate studiesility, which is characterized by one dry and one wet sea-
son (Kaser, 2001), glacier meltwater often provides a critical
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104 N. Salzmann et al.: Glacier changes and climate trends derived from multiple sources

Table 1. Results of glacier mapping and ice volume estimates. Table 2. Loss of glacier area between 1962 and 2009 for QIC and
For the 2006 volume estimates, a range is presented, based onQori Kalis, an outlet glacier of the ice cap.

10 % and 20 % thickness reduction (2@g60v) between 1962 and
2006, and basal shear stress values of 1.0 and 1.2 bar. Note that thWear Quelccaya Ice Percent of Qori Kalis  Percent of

numbers for 1962 are based on aerial photographs (inventory), all Cap area initial area glacier initial

other numbers on satellite images (see Sect. 3.1). (km?2) (%) area (km) area (%)
1962 57.5 100

Year Glacier  Percent of Total glacier Total glacier 1975 56.2 98 0.92 100

area initial area volume (kfp  volume (kn¥, 1985 55.7 97 0.84 91

(km?) (%) t=1bar) r=1.2bar) 1991 47.9 83 0.76 83

1962 440 100 17.0 20.4 2000 45.9 80 0.59 64

1985 444 101 2004 45.4 79 0.58 63

1996 344 78 2006 44.2 77 0.53 58

20061005 297 68 10.3 124 2008 42.8 74 0.49 53

200609 297 68 9.2 110 2009 428 74 0.49 53

source of fresh water in these regions during the dry season . ..
(Chevallier et al., 2011; Bradley et al., 2006, 2009) results eventually can serve to inform decision makers who

While the observed global mean trend for glacier retreat isare initiating climate change adaptation measures. The ap-

clear, the significance varies between regions and location802¢h Possibly also provides a blueprint for studies in other

(WGMS, 2009). An adequate spatial and temporal cover-'€9I0NS with similar c_hallenges._ )
age of measurements is required to derive trends for a spe- 1€ Paper starts with a description of the CV area (Sect. 2)

cific region or single glaciers. However, most mountain re- and continues with a review of glacier and climate data from

gions worldwide and particularly the tropics lack continuous multiple sources available for this region, including inven-

(long-term) measurements of glacier mass balance and/or C“t_ories, satellite and GPR (ground-penetrating radar) data for

mate variables. Nevertheless, as outlined above, particularlg;e glgmeTrrs] agd stat|or;] and Reanacllyses data for tl?e c:!ma;e
in these regions, implementation of adaptation measures t ect 3). The data are then prepared to serve as a haseline for

reduce adverse impacts of climate change requires decisioﬁ:lonsequent chgnge assessments and trenq_analys.es (Sects. 4
and policy makers to be informed of regional/local glacier and 5). Finally in Sect. 6, the results are critically discussed

and climate trends. The science community is therefore chal§lnd causally related.
lenged to provide estimates and assessments of trends and
scenarios for regions with incomplete or weak data. Ade-
quate approaches need to be developed and applied that c&n Study area: Cordillera Vilcanota — Quelccaya region
deal with incomplete data and allow for robust trend estima-
tions of glacial and climatic changes and related impacts forThe CV is located in southern Peru (about $4 7T W)
specific regions. in the Region Cusco (Fig. 1), at the eastern margin of the
This study focuses on the data-scarce area of the CordillerAndes where it marks the highest elevation above the Ama-
Vilcanota (CV) in the southern Peruvian Andes. The CV is zon Basin. The glacierized mountain range is arc-shaped,
the second largest glacierized mountain range in Peru, andxtending some 60 km east—west, and encompassing a high
also comprises the Quelccaya Ice Cap (QIC), which is theplateau region at about 4500 ma.s.l. and above. The most
largest tropical ice cap on Earth. The glaciers of the CV pro-striking landscape feature of this Altiplano region is the La-
vide water for the relatively densely populated Cusco Re-guna Sibinacocha, a 15-km-long glacial lake that is used
gion. For the CV, only very few long-term (decadal-scale) for hydropower generation. The highest peak of the moun-
climate and glacier data are available. This is remarkable irtain range is Nevado Ausangate (6384 ma.s.l.), and glacier
view of its size and socio-economic importance (e.g. Ver-tongues currently terminate at about 4700 to 5000 ma.s.l.
garaetal. 2007), and also in contrast to the Cordillera Blancgsee Fig. 2). The QIC is the largest tropical ice cap on Earth
(central Peru), where several glacier measurement and obsesnd situated at the southeastern margin of the CV. It has been
vation programs were initiated during the past decades anéxtensively studied in the context of climate—glacier interac-
are still running (e.g. Ames et al., 1989; Kaser et al., 2003). tions, starting in the 1970s (Hastenrath, 1978; Thompson et
In this study, we present an approach that allows providingal., 1979). Thompson and colleagues drilled the first ice cores
aregional baseline for climate and glacier trends for the datain tropical regions at Quelccaya and unfolded paleoclimate
scarce area of the CV. Past time series of observations anand glacier history (e.g. Thompson et al., 1984, 1985). With
measurements from multiple sources, which are often madéhe steep mountain-type glaciers, the flat ice cap and several
for reasons others than providing climatic baseline data, arglaciers with proglacial lakes formed during the past years
collected, quality checked, homogenized and analyzed. Th¢like Qori Kalis), the CV encompasses different glacier types
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Fig. 2. Maximum and minimum altitude related to the glacier area
for all glaciers in the CV in 1962 (based on the Peruvian glacier
inventory).

3 Morajani-2 glacier

Fig. 1. Upper left: overview of study site; upper right: satellite view boundaries of the Bolivian high and is thus mainly influenced
on the CV (Landsat-5 TM, 4 August 2006) with major river catch- by easterly flow that extends to 2. During the dry season,
ments indicated. The glacier outlines of 2006 are marked with awesterly flow is predominate (Garreaud, 2009), particularly
plaf:k Ii.ne. Lower right: a close-up of the QiC w.ith the dashed line i the mid-tropospheric levels, which correspond with the
indicating the location of the GPR profile taken in 2008. elevation band of glaciers in these regions. Low-level flow
transports most of the water vapour and thus controls pre-
cipitation, adding even more complexity. The high altitudes
with specific sensitivities, particularly in terms of length and of the CV remain very dry during most of the year because
thus area changes. of the low temperatures, low air density and high radiation.
The drainage system of the CV is relatively complex, Only convective storms and moisture transported from the
with glaciers draining into ® Paucartambo and lateidk ~Amazon Basin by upper level easterlies lead to significant
Urubamba and the Atlantic Ocean towards north and northprecipitation between December and March (Vuille et al.,
west, into Ro Vilcanota, which feeds Laguna Sibinacocha 2008; Falvey and Garreaud, 2009). The CV is situated in a
and then continuous toiR Urubamba and the Atlantic to- region that is potentially also influenced by interannual vari-
wards south and northwestjdRCorani, San Gamn and the  ability patterns caused by the ElMdi—Southern Oscillation
Atlantic towards northeast, and into Lago Titicaca towards(ENSO).
southeast (Fig. 1). Socio-economicallypR¥ilcanota, fed by Given this climatological pattern, accumulation on the
the glaciers of CV, is an important river in the region and usedCV glaciers is mostly limited to austral summer months.
for hydropower, agriculture and household consumption. ~ Ablation processes (melt and sublimation) are active all-
There are very few glaciological studies available for year round, with greatest ablation occurring also during the
the CV region. Morales-Arnao and Hastenrath (1999) pro-warmer wet season.
vided an estimate of the glacier area for 1975 (578 ksee
also.Sec.t. 6.1), and Mark et al. (2002) presented a paleoé Available observational data
glaciological study for the western part of the cordillera.
Huggel et al. (2003) assessed glacier changes bet\_/veen 19621  Gacier data
and 1999 but only for a smaller part of the mountain range,
i.e. those glaciers draining intd&®San Gaan towards north-  3.1.1  Glacier inventory (aerial photographs)
east. They found that the glacier area has been reduced by as
much as 53 % during this period (from 52.8%in 1962 to  The national glacier inventory of Peru is the first region-wide
27.6 kn? in 1999). A comprehensive study on recent glacier catalogue of glaciers. It is based on aerial photographs and
changes in the entire CV, however, is still lacking. includes complete coverage of the CV for 1962 (Ames et
The CV is situated in a climatologically complex zone, al., 1989). The inventory provides information on geographic
influenced by tropical and extra tropical upper level large-location, minimum and maximum glacier elevation, glacier
scale circulation as well as synoptic-scale systems (Garreaudayidth, length and area, and aspect for each glacier. In total,
2009). During the wet season, the CV lies at the northernabout 465 glaciers are on record in the inventory, showing an
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Table 3. Distribution of the aspect of the CV glaciers (based on the Peruvian glacier inventory, 1962).

Aspect North  North- East South- South South- West North-

East East West West
Number of 53 57 43 69 64 80 50 49
glaciers

average minimum elevation of 5015 ma.s.l. and an averagsummit and extending west towards the margin. A two-way
maximum elevation of 5427 m a.s.l., with standard deviationstravel time was calculated from the first reflection off the bed,
of 179 m and 244 m, respectively (Fig. 2). Figure 2 further- and translated this travel time into an ice depth using a con-
more shows that about 75% of the glaciers in 1962 werestant radar velocity of 0.168 mn&. Based on this velocity,
smaller than 1 krf with their maximum altitude at around a 1/4 wavelength resolution of 8.4 m was calculated.
5300 ma.s.l. The distribution of the exposition is relatively
balanced, between 10 % of the glaciers with an east aspe&2 Climate data
and 17 % with a south-west aspect (Table 3). i .

3.2.1 Meteorological stations

312 Sateliite images The National Meteorological and Hydrological Service of

For the present study Landsat-TM5 satellite images from.Peru (SENAMHI) maintains a network of climate stations

25 July 1985, 23 July 1996 and 4 August 2006 were 2N the Cusco area. Several records start as early as 1965, but

quired. The spatial resolution of the images is 30 m. Landsat—many stations were shut down in the meantime. Most have

MSS images from this region exist from the mid-1970s butseveral major data gaps and a lot of the stations had even

: : : n f order for several r ring th litically un-
were not used here due to their reduced spatial resolut|0nbee out of order for several years during the politically u

The Landsat images from 1985, 1996 and 2006 represen%table time in the 19805. There are 30 stations located in the
" ; . ... area of the CV at altitudes above 4000 m a.s.l., and several of
favourable conditions for glacier mapping, and, together with

L hem even above 4300 ma.s.l., nearly corresponding to the
the glacier inventory data, they allow for an assessment o . . . :
: . elevation of lowest glacier termini of the CV. All climate sta-
glacier changes spanning about half a century.

. : tions provide measured air temperature at 07/13/19h, mini-
For studying changes of the QIC at higher temporal resolu- : ; ; D
. " ) mum and maximum air temperature and daily or semi-daily
tion, additional Landsat images of 1975, 1991, and 2000, ax recipitation sums. A small number of stations also provide
well as ASTER images of 2004, 2006, 2008 and 2009, werd ' ciptat L : . P
. . . other variables, including dew point, air pressure or wind ve-
used. These images were all taken during dry winter seasoj) . L o o
L ocity and direction. In addition, there are also some precipi-
between end of May and beginning of August. tation stations in the area
As a topographic basis the SRTM-3 digital elevation '
model (DEM) at 90m spatial resolution and the ASTER 355 NCEP/NCAR Reanalysis
GDEM (global digital elevation map) at 90 and 30 m spatial
resolution, respectively, were used. Vertical errors of SRTM|n remote high-mountain regions, and generally in data-
are+16 m and+6 m for absolute and relative accuracy, re- scarce areas, global reanalyses are often the only contin-
spectively (Rabus et al., 2003). For the ASTER GDEM, auous long-term data series available. They provide a con-
vertical error of 20m at 95 % confidence level is provided tinuous stream of three-dimensional fields of meteorologi-
officially (ASTER Validation Team, 2009), but some studies cal variables of the past through advanced data assimilation
have stressed the partly large errors of this DEM (Reuter etechniques of available observations (Bengtsson and Shukla,

al., 2009). 1988). The space and time resolution of the generated data
_ is determined by the model. It is furthermore independent of
3.1.3 Ground-penetrating radar data the number of observations, because areas void of observa-

tions are filled with dynamically and physically consistent
For the current study also ground-penetrating radar (GPRnodel-generated information (Bengtson et al., 2004).
data were available. The GPR campaign was performed on Here, we use the NCEP/NCAR Reanalysis 1 (see Kalnay
the QIC in 2008 to assess the thickness of ice along &t al., 1996), a global reanalysis with a horizontal resolution
transversal profile (Figs. 1, 3). A Narod Geophysics type geoof T62 (about 210 km), 28 vertical layers and with a record
radar transmitter with 5Mhz antennas and oscilloscope restarting in 1948. The variables 6-hourly, daily and monthly
ceiver was used. Data were collected at 10 m spacing alongverages are provided. For this study, we use the four grid
a single transect, and all points were georeferenced using Boxes in the Cusco area (10°1%, 75-70 W) for air tem-
hand-held GPS receiver (accurate to about 5-10 m). The tramperature.
sect was approximately 2.3 km long, beginning at the ice cap
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Table 4. Details for the five selected glaciers for the CV volume estimations for 2006.

Glacier lat long Area Length Aspect Altitude Altitude Estimated avg. ice
name [knf] [km] (max) (min)  thickness for entire
glacier ¢ =1bar)

Ausangate3 17 71°12

1962 4.54 3.9 E 6350 4800 24.8

2006 34 4900 229

No name 1347  71°07

1962 0.19 0.6 SE 5400 5140 25.6

2006 0.45 5180 22.7

Huilayorcl 1346 70°59

1962 1.85 25 SW 6025 5050 28.5

2006 2.15 5100 25.8

Vela Aje 1247 70°57

1962 1.49 1.7 SW 5700 5050 29.1

2006 1.2 5080 215

PacoLoma 137 70°57

1962 2.1 2.7 W 5450 5125 93.3

2006 2.35 5170 92.4
4 Methods 4.1.2 Glacier volume estimation
4.1 Glacier changes (area and volume) Volume estimates for glaciers are difficult and fraught with

considerable uncertainty, in particular for larger unmeasured

4.1.1 Glacier area estimation regions. The method of Bahr et al. (1997) is the most widely

o ) used yet debated scaling method. It applies scaling laws
Satellite images have been extensively used for the assesggnyeen area and volume. based on calibration from mea-

m_ent of glacier areas. Suc_cessful results havg been a_lchiev%qued glaciers. More recently, methods have been developed
with Landsat-TM (Thematic Mapper) data using the image, compute ice thickness along glacier flow lines and vol-

rationing method by dividing band TM4 by TM5 (Paul et e estimates based on thickness interpolation algorithms
al., 2002; Raup et al., 2007). This method has also bee?parinotti et al., 2009; Linsbauer et al., 2012). These studies

applied in this study. For glacier mapping in the Cordillera ¢ g that thickness estimates typically lie within an error
Blanca (Peru), Racoviteanu et al. (2008) and Silverio a”drange of 20—30 %.

Jacquet (2005) used a Normalized Difference Snow Index Here, we used an approach based on Haeberli and Hoel-

(NDSI). In a methodological study on QIC, Albert (2002) o (1995), using glacier inventory parameters to estimate

showed that results from the NDSI and the TM4/TMS jcq thickness and volume. The average ice thickirgspn]

method yield a difference of onky 2% in glacier area. The along the central flow line can be expressed as

error involved in automatic glacier mapping based on satel-

lite data has been analyzed in several studies. A recent Iarge{f - - (1)

and systematic glacier mapping experiment reports errors of f-p-g-sina

< 5% for debris-free glaciers such as in the CV (Paul et al., wherer =mean basal shear stress along the central flow

2013). line [bar]; f =shape factor (taken as 0.8 for all glaciers);

Through all periods of glacier mapping, including the , —density of ice (900kgm?, as an average value based

1962 inventory, debris-covered glacier parts were not considon field data from other glaciers in Perig):= gravitational

ered and thus consistency of methods is maintained over thgcceleration (9.81 nT$); « = average surface slope of the

analyzed period. Because of the typically steep slopes ang|acier.p, f andg can be considered constants whiland

high altitudes in the study area, debris cover is indeed exy can vary among different glaciers. Basal shear stress is

pected to be of little importance in the CV. Further evidencecommonly considered to vary within 0.5 and 1.5 bar (Pater-

foritis given through our extensive field surveys and detailedson, 1994), with values of 1 bar as a first approximation

satellite image analyses. and average for valley glaciers (Binder et al., 2009). Haeberli
and Hoelzle (1995) presented an empirical relation between
T and A H, the difference between maximum and minimum
glacier elevation. However, this relationship was established
primarily from a dataset of mid-latitude glaciers. Little is

T

www.the-cryosphere.net/7/103/2013/ The Cryosphere, 7, 1038 2013



108 N. Salzmann et al.: Glacier changes and climate trends derived from multiple sources

20

40
60|,
80

100

120

Depth in Meters

140|

160

— = First reflection
_r++++++Likely bed topography

180

?'\’c“”:: b ‘7  Legend

200
0 500 1000 1500 2000

Distance in Meters

Fig. 3. Ground-penetrating radar (GPR) profile taken on QIC in 2008 along an east—west transect. The summit is to the left, and the ice
margin to the right of the profile. The exact location is indicated in Fig. 1.

known about the basal shear stress values of tropical glaciersalues for the 1 bar case and the 1.2bar case to indicate a
although it is recognized that they are generally charactermore realistic range of ice volumes for 2006.
ized by high mass balance gradients (Kaser and Osmaston, For validation of the modelled ice thickness, we used ice
2002; Huggel et al., 2003) and relatively smalH. For the  thickness measurements from the GPR campaign on QIC in
1962 glacier inventory data of the CV region, we calculated2008 (Fig. 3). Measurements show an ice thickness maxi-
a meanAH of 412 m, with a standard deviation of 282 m. mum of approximately 150-170 m in an overdeepening near
Based on that and the relationship after Haeberli and Hoelthe summit (5670 ma.s.l.). Enhanced scattering is evident in
zle (1995), we assessed a reasonable range of average batfa second half of the radar transect (beyenti200 m hor-
shear stress of 0.8 T <1.2bar. For QIC, where we have izontal), and may be the result of increased meltwater in the
GPR ice thickness measurements (see Sect. 3.1.3) availabseirface snowpack or underlying ice. Despite this increased
for validation, we performed several calculation runs with scattering, bed reflections are apparent and show decreasing
0.8 < 7 <1.2bar and found best agreement of modelled andhickness towards the ice cap margin, reaching a minimum
measured ice thickness for=1.2 bar (see also Sect. 5.1). value of approximately 50 m at the end of the transect and
However, to account for variations of mean basal shear stresthe margin of the ice cap. Measurements in 1978/79 on QIC
on the different glaciers and to generally increase robustby Thompson et al. (1982) show maximum ice thickness of
ness of results, we also assessed ice thickness (and volumalpout 180 m in the saddle between the summit and the north
by usingt = 1 bar. Eventually, to calculate the average ice domes, which support our results.
thickness for the entire glacier based on the ice thickhgss
along the central flow ling; ¢ is multiplied byr /4, assuming 4.2 Preparation of climate records for trend analyses
a semi-elliptical cross-sectional glacier geometry (Haeberli
and Hoelzle, 1995). Ice volumes then simply result from cal-Reliable climatic trend analyses require long-term, quality
culated ice thickness and respective glacier areas. checked and homogenized climate time series to avoid trends
The ice thickness estimates for 1962 were based on theaused by non-climatic factors (Begert et al., 2005).
corresponding glacier inventory data and the application In the frame of an ongoing climate change adaptation
of Eq. (1) for every single glacier, using=1bar and programme (PACC; Salzmann et al., 2009), a large num-
v =1.2bar. The ice thickness estimates for 2006 were baseber of the time series from the meteorological stations in
on five glaciers (for details see Table 4), using the area inthe Cusco and Apurimac regions and the neighbouring ar-
formation provided by the aforementioned satellite images.eas have been quality checked (Schwarb et al., 2011). As
The ice thickness difference between 1962 and 2006 wasforementioned, most of the records, however, are not long
calculated using Eq. (1). The average thickness reductiorenough or continuous to allow for reliable trend analyses.
was found to be between 10 and 20 % for this 40-yr period.Therefore, we have reconstructed one continuous, long-term
Accordingly, we applied a thickness-volume scaling using atime series of one station to enable subsequent trend analy-
thickness reduction of 10 to 20 % and provide both reductionses for the CV area. For the reconstruction we have chosen
the station Santa Rosa-14.6° S, —70.8 W), which is lo-
cated at 3940 ma.s.l., and among the closest stations to the
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Table 5. Correlation coefficient between the stations used to reconstruct Santa Teresa (1965—-2009).

Ayaviri  Chuquibambilla Llally Nunoa Progreso Pucara

onty orec p 0.76 084 077 064 08 078
YPrECh  p2 gsg 071 06 041 064  0.62

r 0.91 085 0.92 088  0.85

Monthly MeanTx o g3 073 085 077 073
Monthiy mean Tv " 0.98 096 0.96 094 092
y Y Rr2 0.98 092 091 088 084

CV. Data gaps (the years between 1965-1994 for air temNCEP/NCAR Reanalysis for any trend analysis of specific
perature, respectively between 1965-1970 and 1981-198Bumidity, (i) because of the abovementioned very limited ra-
for precipitation) have been reconstructed by using a numdiosonde measurements with particular effects on specific
ber of nearby stations, situated within a radius of abouthumidity, and (ii) it is a level B variable (see Kalnay et
80 km from Santa Rosa (see Fig. 1): Ayaviri (3920 ma.s.l.),al., 1996), indicating a high model- and a low observation-
Chuquibambilla (3950m a.s.l.), Llally (4190 ma.s.l.), Pro- dependence and thus low reliability on absolute values and
greso (3965 ma.s.l.) and Pucara (3910 ma.s.l.). For precipparticularly on trends.

itation, the station Niwoa (4135ma.s.l., at about 20km dis- These prepared continuous long-term time series were
tance from Santa Rosa) was additionally considered. Fronmormalized before deriving the temporal trend using simple
each of these stations, a linear correlation was calculated (Tdinear regression. We then calculate the p-value of the test
ble 5) to find the best estimation value for Santa Rosa. Awith null hypothesis “no trend”. If the null hypothesis is true,
minimum of two observations per month (for air tempera- the temperature is distributed with- 1 degrees of freedom.
ture), or three (for total precipitation sums), was used fromThe null hypothesis is rejected if the p-value is smaller than
the nearby stations. The arithmetic mean of all estimation0.05.

values based on the linear model was then used as the re-

constructed monthly air temperature mean and monthly total

precipitation sum for the station Santa Rosa. 5 Results

The NCEP/NCAR Reanalysis provides data at differ-
ent pressure levels. The upper, glacierized parts of CV5.1  Glacier changes (area and volume)
are located at an altitude of around 5600ma.s.l. Be-
cause this is close to free-atmosphere conditions, here, w@ver the entire glacierized area of CV, our results indicate
used the 500 hPa atmospheric level corresponding to abouhat glaciers have changed only marginally between 1962 and
5850ma.s.l.) of the NCEP/NCAR Reanalysis, instead 0f1985 (Table 1). Between 1985 and 1996, however, 10D km
the NCEP/NCAR surface height fields at around 3500-of ice has been lost, corresponding to a 23 % reduction since
4000 ma.s.l. for the CV area. Regarding record length, the1985. The following 10yr until 2006 continued to show
NCEP/NCAR Reanalysis provides in principle data sincestrong glacier retreat, yet with 10 % at a lesser rate than dur-
1948. However, before the Geophysical Year in 1958, onlying the previous 10 yr.
very few radiosonde measurements were taken in the South- The more detailed data available for the QIC show a cor-
ern Hemisphere (e.g. Chen et al., 2008). Because radiosondesponding behaviour with the greater picture of the entire
data are a primary input for the free atmosphere data inCV (Table 2). As for the rest of the mountain range, the QIC
NCEP/NCAR Reanalysis, the homogeneity in the upper-area did not significantly change between 1962 and 1985.
level troposphere in NCEP/NCAR Reanalysis must be quesThe strong glacier retreat started there also in the mid-1980s.
tioned for the years before 1958 (Paltridge et al., 2009; CherThe total glacier area of Quelccaya was reduced by 23 % be-
et al., 2008). Although we are aware that there is again aween 1985 and 2009, a somewhat lower value than for the
step towards increased homogeneity since 1979 due to theverall CV. For Qori Kalis, an outlet glacier of the QIC, the
assimilation of satellite observations (Bengston et al., 2004available data (since 1975) also correspond with the general
Vey et al., 2010), for the following analysis we will use the trend. However, its behaviour needs specific interpretation
NCEP/NCAR Reanalysis between 1958, 1965, respectivelydue to the influence by the formation of a proglacial lake (see
and 2009. Sect. 6.1).

In principle, NCEP/NCAR Reanalysis also provides time  |n terms of ice volume loss, it is clear that it also must
series for specific humidity, a variable that influences thehave been very strong over the past two decades, irrespec-
energy balance of the surface and thus tropical glaciersive of the uncertainties involved in volume estimation. For
significantly (Kaser, 2001). However, here, we do not use1962, our estimates suggest an ice volume on the order of
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17 to 20kn¥. For 2006, the corresponding range is 9.2 to the region that could be used. On a larger geographical scale,
12.4 kn?, resulting in a volume loss of about 40-45 %. Since however, several studies based on radiosonde, GPS or satel-
glacier area did not change much between 1962 and 1988ite observations indicate positive trends in specific humid-
volume losses likewise must have taken place primarily sincety. Vuille et al. (2003) found positive humidity trends for
the mid-1980s. the central Andes, in both the CRU dataset (1950-1994 and
For the north-western side of the ice cap with Morojani 1979-995) and the ECHAM4-T106 climate simulation for
and Morojani-2 glaciers (Figs. 1, 3), GPR-measured aver-1979-1998. Willett et al. (2010) found positive large-scale
age ice thickness is about 90 m. For the corresponding siteshanges in surface humidity over land between 1973 and
on the two glaciers, from the summit of the ice cap to the1999 in HadCRUH and CMIP3. Furthermore, Dessler and
glacier terminus, Eqg. (1) indicates average ice thickness bebavis (2010) analyzed five different reanalyses and found
tween 75m and 99 m, depending on glacier and shear stresa general (also for tropical mid- and upper troposphere) in-
value. As mentioned in Sect. 4.1.2, best agreement was foundreasing atmospheric specific humidity, associated with in-

fort=1.2bar. creasing surface temperature. Based on these studies and
physical consistency of an increase of specific humidity with
5.2 Climatic trends increasing atmospheric air temperature, we assume here also

a positive trend of specific humidity in the mid- and upper
For air temperature, both station and NCEP/NCAR Reanaltroposphere of the CV region.
ysis data show positive trends for the time window 1965—
2009 (Figs. 4 and 5), with similar magnitudes but different
p-values at the significance level of 0.05. Figure 4 shows thes Discussion
linear trends for minimum and maximum air temperature. A
clear positive trend (p-value 0.00004) is found for monthly 6.1 Glacier area and volume change
mean maximum air temperature (Fig. 4b, Table 6), while
there is no or a weak trend only (p-vak®.48) for monthly ~ The observed changes and rates of changes in glacier area
mean minimum air temperature (Fig. 4a, Table 6). If we di- and volume of the CV are high, particularly since mid-1980s,
vide the time window into 1965-1980 (w1) and 1980-2009where we found reductions of about 30 % for area and of
(w2), related to the observed difference in the magnitude ofvolume of about 40—45 % between 1985 and 2006. Between
ice loss before and after 1985, the minimum air temperaturel 962 and 1985, glaciers were about stable as indicated by the
trend for wl is found to be negative, while for w2 it is pos- numbers for these two years in Table 1. The reported differ-
itive (Table 6). For maximum air temperature, this pattern isence of 4 kr is in the range of expected uncertainties when
opposite, with a negative trend for wl and a positive trend forcomparing results from different methods and base data, that
w2. is, from aerial photographs (glacier inventory, 1962) and
Because of the distinctive seasonality (cold/dry andsatellite images for the years since 1985. The relatively sta-
warm/wet) in the study area, which influences the glacierble conditions between 1962 and 1985 are also supported by
regime significantly, trends were also calculated for seasonahe findings for QIC, for which we have higher-resolution
means. For maximum air temperature, we found positiveand more frequent data available. Although the sensitivity
trends (except for DJF) for all seasons (Fig. 5b, Table 6). Theof a flat ice cap can be different compared to steep glaciers
trend for minimum air temperatures (Fig. 5a, Table 6) showswhen the air temperature increases (cf. Sect. 6.3), this is not
only a slight increase during DJF and SON, no trend duringof great relevance here for the related period because of the
MAM, and a negative trend for JJA. relatively high altitude of the QIC (5670 ma.s.l.) compared
The monthly mean air temperature trends from theto the average altitude of the CV glaciers (cf. Fig. 2). For
NCEP/NCAR Reanalysis (Fig. 6, Table 6) show good agree-Qori Kalis, our data start at 1975 (Table 2) and show a sim-
ment with the station data. There is a positive trend for allilar but somewhat stronger decreasing trend. Brecher and
seasons, with absolute changes in the same ranges as fohompson (1993) report an accelerating area and volume
Santa Rosa station. Note, however, that the absolute changésss between 1963 and 1991 for Qori Kalis, and Thompson
for the NCEP/NCAR Reanalysis data span 12 yr more (dataet al. (2006) provide evidence of continued acceleration until
since 1948). 2005. This stronger retreat pattern of the outlet glacier Qori
For seasonal precipitation sums, the station Santa RosKalis compared to the ice cap, including an earlier onset of
(Fig. 7, Table 7) shows slight negative linear trends for all accelerated glacier retreat, is likely to some part related to
seasons. However, only during SON the p-value is less thathe formation of a proglacial lake, the different hypsometries
0.005. Changes for precipitation are thus not as obvious agMark et al., 2002) and to some part to the lower elevation of
for air temperature. the margins of QIC.
For specific humidity we did not use NCEP/NCAR Re-  Our results on glacier changes in the CV corroborate
analysis data (as outlined in Sect. 4.2). Unfortunately, therdindings from other glacierized cordilleras in Peru, but also
are no reliable station data for specific humidity available inadd new insights. The Cordillera Blanca is by far the most
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Monthly Mean Minimum Air Temperature
Santa Rosa, 3940 m asl, partly reconst.
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Fig. 4. Monthly minimum (a) and maximum(b) air temperature for Santa Rosa station. Dashed trend lines indicate where the p-value is
above the significance level 0.05 (cf. also Table 4).
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Seasonal Mean Minimum Air Temperature Seasonal Mean Maximum Air Temperature
Santa Rosa, 3940 m asl, partly reconst. Santa Rosa, 3940 m asl, partly reconst.

— DJF

— MAM

T[°C]
TI[°C]

T T T T T T T T T T T T
1965 1973 1981 1990 1998 2006 1965 1973 1981 1990 1998 2006

Years Years

Fig. 5. Seasonal mean minimu¢a) and maximun(b) air temperature for Santa Rosa station. Shown are the normalized and fitted (2-sided
moving average) time series. Dashed trend lines indicate where the p-value is above the significance level 0.05 (cf. also Table 6).

studied glacierized cordillera of Peru, both historically and Studies in the Cordillera Blanca furthermore indicate that
at present. Consistent with our results for CV, studies fromthe 1930s and 1940s were characterized by significant glacier
the Cordillera Blanca reveal little change between 1970 andoss, resulting in growth and formation of many glacier lakes,
1986 (Georges, 2004; Silverio and Jacquet, 2005). For thevith severe disasters due to lake outburst floods (Carey,
same region, Baraer et al. (2012) report an annual reductio2005). There are no corresponding documents available for
of glacier extent between 1990 and 2009 of about 0.81 %this period for the CV, probably due to its remote location.

www.the-cryosphere.net/7/103/2013/ The Cryosphere, 7, 1038 2013



112 N. Salzmann et al.: Glacier changes and climate trends derived from multiple sources

Table 6. Trend magnitude per decade and p-value for seasonal and annual monthly minimum, maximum and mean air temperature for the
period 1965-2009 (w) and for the period 1965-1980 (w1) and 1980-2009 (w2).

Tn Santa Rosa station Tx Santa Rosa station Tm air temp. NCEP/NCAR
(partly reconstr.) (partly reconstr.) Reanalysis (500 hPa)
p-value trend magnitude p-value trend magnitude p-value trend magnitude
[°Cdec?] [°Cdec]] [°Cdec ]
DJF (w) 0.005 0.013 0.056 0.013 0.00025 0.021
MAM (w) 0.95 0.0012 0.001 0.018 0.0018 0.017
JJA (w) 0.46 —0.0067  0.0015 0.017 0.00024 0.022
SON (w) 0.014 0.027 0.001 0.019 0.00033 0.018
All year (w) 0.48 0.008 0.00004 0.018
All year (w1) 0.72 0.021 0.18 —0.024
All year (w2) 0.4 —0.02 0.005 0.023
Seasonal Mean Air Temperature at 500hPa Table 7.Precipitation sums, Santa Rosa station (partly reconstr.) for
NCEP/NCAR Reanalysis (10°~15°S, 75°~70°W) the period 1965-2009.
35 o
a0l mam year p-value trend magnitude [mm d&g
%) DJF 0.09 —-18.75
5 sl MAM 0.15 -12.8
2 JIA 0.15 -3.8
’g -5.0 SON 0.043 -16
5
L 5.5
©
-6.04 , sessment, or due to reduced accuracy of the lower-resolution
65 Landsat-MSS satellite images used for the study in 1975.
' The changes and rate of changes found for CV are also
704 high compared for example to numbers from the European

1950 1960 1970 1980 1990 2000 2010 Alps. While we found a reduction of area of about 30 % and
Years of volume of about 40—45 % between 1985 and 2006 for CV,
Zemp et al. (2006) report for the period between 1975 and
Fig. 6. Linear trends for mean seasonal air temperature at 500 hP2000 a reduction of glacier area of about 22 % and of volume
level from NCEP/NCAR Reanalysis for the period 1958-2009. of about 30 % for the European Alps.
Dashed trend lines indicate where the p-value is above the signif- |n summary, based on the available data for the CV and
icance level 0.05 (cf. Table 6). the numbers reported from other areas, the CV encountered
similar and uniform changes but at the upper end of the re-
ported ranges. Possible relations to specific climatic forcing
For both cordilleras of Peru, the strong recent glacier shrink4in the CV area are further discussed in Sect. 6.3.
age likely started in the second half of the 1980's. The There are very few glacier volume change estimates
glacier shrinkage in the CV appears to have been somewhatvailable for other mountain ranges in Peru. Mark and
stronger than in the Cordillera Blanca. While a reduction in Seltzer (2005) assessed volume changes for three individ-
area of 12—-22 % between 1970 and 2003 is reported for theal glaciers in the Cordillera Blanca between 1962 and 1999.
Cordillera Blanca (Racoviteanu et al., 2008), correspondingTheir estimates are broadly consistent with ours. For Nevado
values from the CV are approximately 30 % higher. It should Coropuna, an ice-capped volcano 270 km southwest of the
be noted that there is one reference (Morales-Arnao and HaszV, in a much drier climate, Peduzzi et al. (2010) estimated
tenrath, 1999) that indicates for the CV a glacier area ofan ice volume of 4.62 kinfor the 2000s with an average ice
579 kn? for 1975. This is much higher than our relatively thickness of 81 m and an error margin of ab&20 %, using
constant values found between 1962 and 1985 (cf. Table 1)a statistical relation between ice thickness, elevation, slope
However, these deviations are likely due to difficulties thatand aspect. While a reduction of glacier area of 60 % was
arise when comparing different studies based on unofficiaimapped for the period 1955-2008, there was a 18 % loss es-
boarders. Here, the deviation could result either from a differ-timated for the corresponding volume. However, the glacier
ently defined spatial domain of the CV area in the two stud-area reported by Peduzzi et al. (2010) for Cordillera Corop-
ies, i.e. the definition of glaciers that are included in the as-una in 1955 (122.7 kR) is probably about 40 kin(or 48 %)
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too large due to strong snow cover on aerial photograph$.2 Climatic trends
(P. Peduzzi and W. Silverio, personal communication, 2011).
According to the data from Peru’s glacier inventory (Ames etBased on the data used in our study, there is a linear air
al., 1989), the area of the glaciers on Nevado Coropuna watemperature increase found since the 1950s and 1960s, with
82 kn? in 1962 (see also Racoviteanu et al., 2007). Peduzzgreater changes for maximum than for minimum air tem-
et al. (2010) furthermore indicate a glacier area of 80.% km perature, and a slight negative trend for precipitation. These
for 1980, followed by strong retreat resulting in an area of findings correspond with results from other studies in this
65.5kn? by 1996. Hence, by correcting the figures for the region (Vuille et al., 2003; Francou et al., 2003). However,
1950s and 1960s for Coropuna from 122 to 8Zkmcon-  compared to air temperature trends in other mountain regions
sistent pattern of glacier changes from north to south Peru isuch as the European Alps (Begert et al., 2005; Auer et al.,
found, which shows that glacier areas were relatively stable2007), the trends for the CV are relatively small, nevertheless
between the 1960s and 1980s followed by a period of strongonsistent with continental-scale analyses (IPCC, 2007).
glacier retreat that continues until today. The two time windows w1l and w2 (see Sect. 5.2, Table 6)
It is widely recognized that regional glacier volume esti- for which we found opposing trends for air temperature differ
mates are associated with large uncertainties, due to the irclearly in terms of ENSO events. During w2, unlike through
ability to directly and precisely measure the ice dimensionswl, two major ENSO events (1982/83 and 1997/98) took
and the need to extrapolate ice thickness by using semiplace. Based on our data, there is, however, no clear and/or
empirical formula. Accordingly, we aimed at making the as- synchronous pattern found during these two events in the CV
sumptions used explicit. In our modelling approach, the basategion, letting us assume that ENSO events do not signifi-
shear stress is a sensitive parameter for the volume estimatesantly affect air temperature trends in the CV region.
Yet, we evaluated our modelled shear stress using GPR ice Inorder to account for data inhomogeneity and uncertainty
thickness measurements on the QIC to constrain a reasonabigherent to our remote setting, and to reduce uncertainties,
appropriate value. Confidence in our estimates furthermoreve used a multi-data-source approach and pre-processed the
is given by a recent study on Jostedalsbreen ice cap in Nordata adequately prior to their use. The general agreement
way, where shear stress values found are similar to ours om the magnitude and of the trends found for climate vari-
Quelccaya (Meister, 2010). To our knowledge, there are nables from different sources makes these trends plausible.
other references of estimates of basal shear stress for tropicéls such, this study presents probably the most convincing re-
glaciers available, and, consequently, a range of uncertaintgional estimates for the CV area, and to our knowledge, there
of about 20 % needs to be considered. We therefore used difare no better observations available than used in this study.
ferent values to indicate the likely range of ice volume. ERA-40 reanalysis (Uppala et al., 2005), another well-known
For a comparison of methods, we calculated the volumeglobal reanalysis was not included in this study, because the
of each glacier by using the volume-area scaling approaclERA-40 is known to be generally less homogeneous than the
by Bahr et al. (1997). The resulting total volume for CV NCEP-NCAR Reanalysis (e.g. Chen et al., 2008).
is 20.1kn¥ for the Bahr method (for 1962), which com-  With the Santa Rosa meteorological station, which is about
pares very well to 20.4 kfhbased on the previously pre- 80km away from the CV, we have chosen among the clos-
sented method, using a basal shear stress of 1.2 bar (Eq. 1st stations to the CV. Since in the tropics air temperature
The small difference between the two methods by only 1.5 %is relatively persistent within horizontal distances (Sobel et
should not be overemphasized, but generally adds confidenca., 2001), we consider a distance of 80 km reasonable. The
to our volume estimates. vertical distance between the station and the glacier termi-
In terms of error estimates for volume calculation, recentnus can be compensated by using the regionally derived
modelling studies computing ice thickness along glacier flowlapse-rate value (0% 100nT?) reported by Urrutia and
lines for mid-latitude glaciers indicate error ranges of 20— Vuille (2009).
30 % (Farinotti et al., 2009; Linsbauer et al., 2012). Another
approach using measured length changes showed that mo@:3 Relation between observed climatic trends and

elled glacier volumes may be within a 30 % error margin in a glacier changes
reasonable case, but in less optimal cases may vary as much
as several factors (ithi et al., 2010). The relatively slightly negative trend of precipitation and the

In summary, we recognize that our absolute volume esti-moderate increase of air temperature found for the CV can-
mates for each time step are probably subject to uncertaintiesot in full explain the observed substantial ice losses. In the
in the range of 20—30 %, but comparison with other methodollowing, we therefore try to further discuss and complete
such as the one from Bahr et al. (1997) indicates that thehe observed changes.
numbers are reasonable. Furthermore, it can be stated that Area and volume changes of a glacier are related to cli-
relative ice volume change between the time periods is roimatic variables through its energy and mass balance. Neg-
bust and plausible given the vigorous loss in area. ative changes in the mass balance of a glacier result either

from increased ablation or decreased accumulation, which
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are mainly determined by precipitation and air temperature. Seasonal Mean Precipitation
For the tropical and subtropical Andes, Francou et al. (2003) Santa Rosa, 3940 m asl, partly reconst.
concluded that precipitation and cloud cover changes were °
minor in the 20th century and it is thus unlikely that de- . .
creased accumulation explains the observed glacier retreat in I © — MA
the region. In contrast, they found a positive trend for air tem- . Tt ——
perature and conclude that glacier retreat is mainly caused by e
increased ablation, rather than decreased accumulation. The
trends that are indicated by our data for CV are consistent
with these conclusions, and the slight decrease in precipi- . .
tation we note over the past decades (Fig. 7) is unlikely to 200_“,"‘.*.—'4'7'LL__-,___.__
account for all the glacier retreat. In the following, we will . : . T T
thus turn our discussion to the effects of climatic changes on ’
the ablation processes.

The most important terms able to significantly influence
the surface energy balance of a tropical glacier are net solar l , T .
radiation (QRr), net longwave radiationd, ) and, to a lesser 1970 1980 1990 2000

extent, the turbulent sensible(;) and latent heat fluxes
(QLE), as measured by Hastenrath (1978) for QIC and byFig. 7.Linear trend for seasonal precipitation sums from the station

Sicart et al. (2005) for Zongo glacier in Bolivia. Air temper- santa Rosa. Dashed trend lines indicate where the p-value is above
ature is typically highly correlated to various components of the significance level 0.05 (cf. Table 7).

the energy balance. However, as the measurements by Sicart

et al. (2008) show, air temperature measurements in the trop-

ics are poorly correlated to net shortwave radiation, particu-sitive to an upward-move with a rapid impact on the entire
larly for short time steps, and is thus not an ideal index for QIC area once the freezing threshold value is crossed.

the energy balance. In relation wifhr, albedo is anotherim- In addition to the global mean air temperature increase
portant factor. On tropical high-elevation glaciers, there areduring the last 150yr, a significant increase has also been
different factors that can modify albedo, including changes inobserved for water vapour, another and even more effective
precipitation in relation with air temperature (rain or snow) greenhouse gas (IPCC, 2007). As outlined in Sect. 5.2, it is
and factors like debris cover, dust and soot. The latter facvery likely that water vapour has increased over the CV re-
tors are of minor importance at the CV due to its high alti- gion consistent with positive large-scale trends (Vuille et al.,
tude, and the absence of high rock faces around the glacier@003; Dessler and Davis, 2010; Willett et al., 2010). An in-
Moreover, to our knowledge there is no specific long-termcrease of can significantly influenc@ g, which would at-
albedo information available for the CV. For precipitation tenuate the typically negative latent heat flux on high altitude
only a very slight trend is observed at the operational me-tropical glaciers, and in turn make more energy available for
teorological stations of SENAMHI (Fig. 7). However, there melting (e.g. Wagnon et al., 1999). An increaseziteads

is a clear air temperature increase observed in both datasetgdditionally to an increase in incoming longwave radiation
Using the lapse-rate values of Urrutia and Vuille (2009) to (Ruckstuhl et al., 2007; Ohmura, 2001), which leads often
translate the upper-air temperature data into glacier terminuto an increase in air temperature near the surface. Depend-
elevation, the mean temperature stays well bel®@ 0and  ing on the effective quantity of specific humidity available,
maximum air temperature is well above®© (while mini- an increase in longwave radiation can lead to melting or sub-
mum air temperature shows no clear trend). Consequently, iimation and thus to a mass loss of glacier ice. Therefore, we
can be inferred that the relation between liquid and solid pre-argue here that the increase in water vapour during the past
cipitation arriving at the glacier surface has not changed durdecades exerted an important control on the massive ice loss
ing the past decades and the average albedo has not or ondpserved in the CV, particularly before 2000. This argument
moderately been modified. Therefore, it can be assumed thas strengthened by the fact that tropical glaciers in general re-
most of the precipitation still falls in the form of snow, and re- spond relatively rapidly to changes in atmospheric conditions
lated average albedo is thus only moderately changed by théypically within a few years) because of their usually small
observed air temperature increase. Nevertheless, Bradley sizes (e.g. Bahr et al., 1998). This rapid response time can
al. (2009) report an increase in freezing level heights (basedurthermore also explain the more rapid retreat of glaciers as
on daily maximum air temperatures only) for the QIC, im- observed since the 1980’s.

plying that air temperature increase in the future could have a

more important effect on albedo and thus@g, as the snow

line moves upwards. Particularly the plane QIC with an ele-

vation maximum of about 5670 m a.s.l. would be highly sen-
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7 Conclusions and perspectives regimes), shortwave radiation would be favoured as melt en-
ergy and cause an increase in melt.

In this study we presented a multi-sources approach allow- These complex interactions between climate and glaciers

ing the generation of a data baseline for regional glacier andlso show clearly the need for long-term in situ measure-

climatic trend analyses in a data-scarce mountain area. Wments in order to better understand the effective ongoing pro-

assimilated and analyzed a comprehensive data collection afesses and to provide a data baseline that allows for reliable

glacier and climate observations for the CV region (southernprojections of future glacier and runoff evolution. Therefore,

Peruvian Andes), which exemplifies a remote, data-scarcén July 2010, a new glacier monitoring network was initi-

mountain region, with major socio-economic importance dueated on two glaciers in the CV, within the frame of the PACC

to its water resource. For such regions, there is an increasingroject. Moreover, in May 2011, on one of the glaciers a cli-

demand by decision and policy makers for information aboutmate station was installed by SENAMHI. More specific in-

climatic changes, related impacts and future scenarios. Sucsights on local climate and glacier evolution at CV are thus

demands will even increase in the future with regard to ongo-to be expected in the forthcoming years.
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tation will increase or decrease in future in the central Andes M., Szalai, S., Szentimrey, T., Cegnar, T., Dolinar, M., Gajic-
is difficult to assess. Minvielle and Garreaud (2011) show Capka, M., Zaninovic, K., Majstorovic, Z., and Nieplova, E.:
in their study an inconsistent picture for MIP3 projections, HISTALP — historical instrumental climatological surface time
but find a decreasing trend after applying statistical down- Series of the Greater Alpine Region, Int. J. Clim., 27, 17-486,
scaling based on a zonal wind—precipitation relationship. Ki- 2007. _ _ _
toh et al. (2011) analyzed precipitation changes over Soutfpa"": D- B- Meier, M. F., and Peckham, S. D.: The physical basis
America using a very high resolution (20 km) GCM (MRI- of glacier volume-area scaling, J. Geophys. Res, 102, 355-362,
AGCM). Their projeCtior?S show an increase in prec.ipitation Bahr, D. B., Pfeffer, W. T., Sassolas, C., and Meier, M. F.: Response
for the central Andes. With a trend towards even moister aus- time of glaciers as a function of size and mass balance: I. Theory,
tral summers, the longwave radiation balance would be even 3. Geophys. Res., 103, 9777-9782, 1998.

more often balanced, and in combination with clear-sky con-Baraer, M., Mark, B., McKenzie, J. Condom, T., Bury, J., Huh, K.,
ditions from time to time (which is possible with convective  Portocarrero, C., Gomez, J., and Rathay, S.: Glacier recession
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