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Abstract

In contrast to the large surge-type glacier clusters widely known for several mountain ranges around the
world, the presence of surging glaciers in the Andes has been historically seen as marginal. The improved
availability of satellite imagery during the last years facilitates investigating of glaciers in more detail even in
remote areas. The purpose of the study was therefore to revisit existing information about surge-type
glaciers for the Central Andes of Argentina and Chile (32° 40'-34° 20’ S), to identify and characterize
possible further surge-type glaciers, providing new insights into the mass balance and evolution of the velocity
of selected glaciers during the surge phase. Based on the analysis of 1962-2015 satellite imagery, historical
aerial images, differencing of digital elevation models and a literature survey, we identified 21 surge-type
glaciers in the study area. Eleven surge events and six possible surge-type glaciers were identified and
described for the first time. The estimation of annual elevation changes of these glaciers for the 2000201 |
period, which encompasses the latest surge events in the region, showed heterogeneous behavior with
strongly negative to positive surface elevation change patterns (—1.l to +1.0 m yr™'). Additionally, we
calculated maximum surface velocities of 34+ 1.9 m d 'and 3.1 +1.Im d~' for two of the glaciers during the
latest identifiable surge events of 19851987 and 2003-2007. Within this glacier cluster, highly variable
advance rates (0.01—-1 km yr™') and dissimilar surface velocities at the surge peak (3-35 m d™') were
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observed. In comparison with other clusters worldwide, surge-type glaciers in the Central Andes are on
average smaller and show minor absolute advances. Generally low velocities and the heterogeneous duration
of the surge cycles are common between them and glaciers in the Karakorum, a region with similar climatic
characteristics and many known surge-type glaciers. As a definitive assertion concerning the underlying surge
mechanism of surges in the Central Andes could not be drawn based on the remote sensing data, this opens
more detailed research avenues for surge-type glaciers in the region.
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| Introduction and previous studies

Although surge-type glaciers represent a minor
portion of the world’s total number of glaciers,
they have been documented in several mountain
ranges of the world, such as Alaska, Arctic
Canada, Greenland, Svalbard, the Karakorum
and Pamir, and are most frequently grouped in
clusters (Sevestre and Benn, 2015). Despite a
relatively large number of them having been
studied, there is at present arguably insufficient
quantitative information to accurately define
what a glacier surge is (Harrison and Post,
2003; Mukherjee et al., 2017; Raymond,
1987). Nor has a given advance rate over a spe-
cific time period been firmly established for a
given glacier to fall in the surge-type glacier
category. Currently, however, there is general
consensus on three main criteria for the identi-
fication of a surge-type glacier: (1) quasiperio-
dic cycles in ice flow velocities characterized by
surging or active phases of 1-15 years duration
(Jiskoot, 2011), when velocities can be at least
10-1000 times higher than the balance velocity
(Benn and Evans, 2010; Dowdeswell et al.,
1991), and passive or quiescent phases (tens to
hundreds of years), when velocities are less than
the balance velocity (Jiskoot, 2011); (2) ice ter-
minus advance, which is out of synchrony with
the behavior of neighboring glaciers (Sevestre
and Benn, 2015); and (3) the presence of mor-
phological features such as looped moraines
indicating a tributary surge, heavily (often chao-
tically) crevassing on the glacier surface,

surface potholes and sheared margins, among
others (Barrand and Murray, 2006; Copland
et al., 2003; Grant et al., 2009).

Prior to the onset of the glacier surge and
during the buildup phase, a steepening of the
glacier surface occurs as a result of a restricted
outflow and the ice mass increases in the reser-
voir area until the active phase is initiated.
Throughout this phase, ice is transferred from
the reservoir area to the receiving area in the
lowermost part of the glacier, often leading to
an exceptional advance of the glacier front
(Meier and Post, 1969). As a result of the ice
transfer process, ice removal from the reservoir
area causes lowering of the glacier surface,
whereas the receiving area thickens (Benn and
Evans, 2010). Following surge termination, the
glacier surface flattens and crevasses close
(Pitte et al., 2016), and relative low elevation
of the glacier terminus leads to a temporarily
accelerated ablation rate and frontal retreat
(Yde and Knudsen, 2007). Also, portions of the
lowermost part of a surging glacier can detach
and be left as stranded, dead ice (Weidick,
1988), which can be interpreted as a sign of
past dynamics.

The development of a surge in relation to
velocities throughout the full event has led to
propose two different surge models (Jiskoot,
2011). Two-phase cycle surges are character-
ized by an abrupt change between glacier velo-
cities in the quiescent and active phases, a
sustained fast flow throughout the surge and
rapid surge termination, whilst three-phase
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surges have a long quiescent phase, a prolonged
(months to years) period after which the glacier
velocity reaches a maximum, and a final stage
of slowly diminishing velocities. Each of these
two surge models have been linked to a corre-
spondent hypothesis relative to a thermal
(Alaska-type) or hydrological (Svalbard-type)
surge control. Moreover, these two mechanisms
imply observable differences regarding the time
of the year at which surges initiate and termi-
nate. In Alaskan-type (temperate glaciers),
surge initiation occurs mainly in winter and ter-
mination in summer, whereas in Svalbard-type
(polythermal glaciers), a surge can begin and
end at any time of the year (Jiskoot, 2011 and
references therein).

Identification and monitoring of glacier surges
is of particular relevance, since they may pose
major hazards. The sudden advance of a surging
glacier may lead to river damming (Bruce et al.,
1987; Harrison et al., 2015; King, 1934). The
newly-formed ice dam may in turn collapse and
release a glacial lake outburst flood (Round et al.,
2017). Other hazards relate to catastrophic water
discharges from the subglacial drainage system
following surge termination and terrain move-
ments caused by river damming. Such hazards
can greatly affect human settlements and infra-
structure (K&ib et al., 2005a).

In the Central Andes, much attention has been
given to the Grande del Nevado del Plomo gla-
cier (Plomo hereafter) owed to its major hazards.
An outburst flood was released from the
dammed lake following the breakup of the ice
dam which formed after the surge that
culminated in 1934, when the glacier advanced
900 m (Espizua, 1986) at an estimated rate of
25m d . In early 1935, a flood flowed down-
stream of the glacier for dozens of kilometers
along the Plomo and Mendoza river valleys,
destroying several infrastructure facilities,
including the Cacheuta hydropower station
(King, 1934, 1935). Apprehension was raised
again in 1984, when the Plomo glacier surged
again advancing 2.5 km at an average 16 m d™'

rate between February—November (Pitte et al.,
2016). This time around, however, the dammed
lake drained gradually via a subglacial conduit
(Bruce et al., 1987; Espizua and Bengochea,
1990). No ice dam formed in the 2007 Plomo
surge. During this latter surge, the glacier
advanced 3 km at a 35 m d ™' velocity (Leiva,
2006; Pitte et al., 2016).

Also, the Horcones Inferior glacier (hereafter
Horcones) in the Mt. Aconcagua massif, surged
at least twice during the last four decades. Pre-
viously, Cox et al. (1935), had mentioned that the
Horcones might cause similar inconveniences to
the Plomo glacier, since the glacier had advanced
a half mile between 1895-1924. A sketch by
Sievers (1903) depicts in fact the Horcones gla-
cier snout in a position resembling that of later
surges. In a surge episode that took place between
1984-1990 (Unger et al., 2000), Horcones sped
up from less than 0.1 m d ™' to nearly 9 m d™
(Lenzano et al., 2011), whereas during the 2002-
2005 surge, velocities increased up to 14 m d ™'
(Pitte et al., 2016). During this surge, the advance
of Horcones forced the relocation of Confluencia,
a semi-permanent intermediate camp en route to
Mt. Aconcagua (Pitte et al., 2016).

Beyond the aforementioned well-known
Horcones and Plomo surges, a number of
authors have indicated other glaciers in the Cen-
tral Andes as surge-type (Table 1). These stud-
ies, however, are generally descriptive in nature
and contain little, if any information on surge
timing, length, area, volume and velocity
changes. In the early twentieth century, Hel-
bling (1935) conducted an exploration trip in
the Plomo catchment and came to the conclu-
sion that Grande del Juncal glacier had an ana-
logous behavior to that of Plomo, but did not
quantify any glacier change. Cobos and Bonin-
segna (1983) used aerial photographs to detect
the 1.4 km advance of Laguna glacier between
1970 and 1982, and suggested the possibility of
a glacier surge. Llorens and Leiva (1995), using
Landsat imagery, reported a 2.9 km advance of
Innominado glacier in the Plomo catchment
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between 1986 and 1991. Lliboutry (1999)
suggested surge-type behavior for Rio Museo,
Marmolejo, Colina, Polleras, Piuquenes, and
Noreste del Cerro Alto glaciers based on geo-
morphologic interpretations of remote sensed
data, but provided no direct/indirect measure-
ments whatsoever.

Further surges have been identified based on
historical documents and accounts, as in the
cases of Cachapoal (Plagemann, 1887; Rothlis-
berger, 1986), Nieves Negras (Lliboutry, 1956),
and Plomo (Prieto, 1986). The advance of Jun-
cal Sur in 1947 (Lliboutry, 1956) culminated in
the formation of a small lake and interrupted the
operation of El Alfalfal hydropower station.
Also in the Central Andes, Lliboutry (1958)
mentioned the surging behavior of Universidad
glacier in 1943, though no further surge evi-
dences were identified since then (Wilson
et al., 2016).

Many of the aforementioned glaciers lie in
the headwaters of mountain rivers that supply
fresh water to not too distant areas of agriculture
and human settlements. With the precedent of
the hazards posed by some of them, it is partic-
ularly surprising that so little is known about
their surge-type behavior. Monitoring of glacier
surges is hence of particular importance (Kééb
et al., 2005b), and with the increasing volume of
satellite imagery and digital elevation models
(DEMs) available, more surge-type glaciers and
clusters are recognized (e.g. Grant et al., 2009;
Mukherjee et al., 2017).

The aim of this study is therefore (1) to revisit
the glaciers for which fragmentary data and
descriptions suggesting surge-type behavior has
been previously reported but not exhaustively
explored, providing complementary informa-
tion regarding absolute and relative glacier
advances, elevation changes and improved tim-
ing of the surge events; (2) present additional,
detailed information about the relatively well
investigated Horcones and Plomo glaciers; and
(3) search for new evidence of glaciers showing
surge-type characteristics with the ultimate goal

to generate an up-to-date inventory of surge-
type glaciers for the Central Andes of Argentina
and Chile, including the period and characteris-
tics of the surges, glacier-specific morphologi-
cal information (slope, aspect, minimum
elevation, length, area) and a surge-type glacier
indexation. Given the fairly coincident timing
of the last two surge events for both the Hor-
cones and Plomo glacier surges, we had a close
examination of glacier behavior (e.g., changes
in surface elevation and velocity) in the region
during the 2000-2011 timespan, which covers
the active phases of the latest Horcones and
Plomo surges.

Il Study area

The study area is encompassed in the Central
Andes of Argentina (Mendoza Province) and
Chile (V-VI regions) amid 32° 40°-34° 20° S
(Figure 1). The region is characterized by high
relief, including some of the highest peaks of
the entire Andes such as Volcan Tupungato
(6570 m) and Mt. Aconcagua (6962 m). The
Central Andes (31-35° S) represent a relatively
densely glacierized region in comparison with
the immediately bounding regions. North of
31° S, in the so-called Arid Andes, the scarce
precipitation is barely sufficient for the genera-
tion of large glaciers. Even above altitudes of
6000 m a.s.l., ice mostly appears in the form of
small-sized glaciers “glacier reservoir” (Llibou-
try, 1956) atop high volcanoes. Further south,
between 35-45° S, the comparatively lower
Northern Patagonian Andes host a significantly
minor number of glaciers, associated with large
but isolated volcanic edifices (Rivera et al.,
2012; Rivera and Bown, 2013).

The climate in the high Central Andes is
characterized by a Mediterranean regime, with
snowfall precipitation maxima during the aus-
tral winter (June-August) brought by frontal
systems driven in turn by the westerly flow
(Garreaud, 2009). Masiokas et al. (2012) com-
piled data from tree ring and rainfall records to
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find a negative precipitation trend over the last et al. (2016) found no significant trend in snow
100-150 years in the Central Andes. Using win-  precipitation, but rather a random succession of
ter maximum snow water equivalent data from humid and dry periods stations for the 1951—
eight high elevation meteorological, Falaschi 2013 period. Conditions were particularly dry
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during the 1990s and from the year 2005
onwards. In relation to temperature records, the
ERA interim reanalysis showed a relatively
warm interval during the 1980’s, followed by
a temperature drop in the 1990s and a moderate
increase in temperatures since the beginning of
the 2000s (Masiokas et al., 2016).

Glaciers between 31° and 38° S are subjected
to mean annual precipitation exceeding 950 mm
above 2000 m a.s.l. (Masiokas et al., 2012) and
monthly temperatures ranging from —5.3°C in
the winter to 5.5°C in the summer (Sagredo and
Lowell, 2012). The snowline in this region
decreases from 5000 m to ~2800 m a.s.l. from
north to south (Condom et al., 2007; Nogami,
1972). In addition to the relatively scarce and
highly variable precipitation, the great thermal
amplitude, strong winds and high incoming
solar radiation result in enhanced rock weath-
ering rates, which result in extensive (up to one
third of the glacier area; Bown et al., 2008)
debris covers on glacier snout. Glaciers vary
from predominantly polythermal to cold-
based with slow flow rates in the north to tem-
perate and faster flowing glaciers in the south
(Milana, 2010).

1l Data

| Landsat and corona satellite imagery,
aerial photographs, and topographic maps

We used orthorectified (processing level L1 T)
Landsat MSS, TM, and ETM+ images (ETM+
is affected in this area by the failure of the Scan
Line Corrector in the year 2003, hence the small
number of ETM+ scenes) from the years 1976
to 2011 to map and delineate the outlines of the
investigated surge-type glaciers (Appendix A).
Also for glacier mapping purposes, we used
high resolution imagery available from Google
Earth (typically Geoeye, WorldView for this
region) spanning from 2003 to 2015, declassi-
fied 1967 Corona KH4-A scenes, and 1962 and
1974 aerial photographs from IANIGLA’s and
the Servicio Geologico Minero of Argentina

(SEGEMAR) archives. Not all the satellite and
especially the aerial imagery data were avail-
able for all of the investigated glaciers. The old-
est glacier data corresponds to the Grande del
Juncal glacier outline as measured during sev-
eral field campaigns conducted between 1909
and 1912, and is provided by a topographic map
elaborated during the topographic surveys of
Dr. Robert Helbling in the Central Andes (Hel-
bling, 1919; Schellenberger, 2014).

Additional Landsat TM imagery was used to
retrieve glacier surface velocities during the
active phases of the Piuquenes and Noreste del
Cerro Alto surges in the mid-1980s and mid-
2000s. The investigated glaciers are located in
areas of data gaps in the higher spatial resolu-
tion Landsat ETM+ satellite images after the
failure of the scan line correction, which ham-
pers glacier delineation and velocity determina-
tions. All Landsat TM and Corona imagery was
downloaded from the USGS through the Earth
Explorer data poll at http://www.earthexplorer
.usgs.gov.

2 DEMs: shuttle radar topography mission
synthetic aperture radar (SRTM) and ALOS
panchromatic remote-sensing instruments
for stereo mapping (PRISM)

Using interferometric synthetic aperture radar
(SAR) sensors in C-band, the Shuttle Radar
Topography Mission acquired data between
February 11 and February 22, 2000. A nearly
global (60° N-56° S; Farr et al., 2007) DEM
was produced at 1 arcsec resolution for the
SIR-C sensor. Here we used void-filled SRTM
grids, also downloaded from the Earth
Explorer portal. Tiles were sampled to 30 m
resolution and projected in the UTM Zone 19
South projection.

Rignot et al. (2001) have pointed out the
SRTM C-band underestimation of glacier ele-
vation in comparison with the X-band, owed to
the deeper penetration of the radar pulse into the
snow cover at the comparatively longer 5.6 cm
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wavelength (SRTM X band wavelength = 3.1
cm). Because all but one of the investigated
glaciers are heavily debris-covered, we
expected no radar penetration in the ablation
zone of these glaciers. Furthermore, SRTM was
acquired during the ablation period in the Andes
of Argentina and Chile, when the glacier surface
should have been reasonably devoid of fresh
snow, precluding the penetration of the radar
wave. Dehecq et al. (2016) have stated that the
lesser penetration of the X-band is limited at
high elevations, and the related error is accep-
table for geodetic mass balance determinations
for over 10 year assessments. Hence, no proce-
dure was carried out to correct the elevation
values of the SRTM C-band tiles.

Specifically for this study, we generated
three sets of ALOS PRISM DEMs with a spatial
resolution of 30 m (matching the SRTM DEM
pixel size) with the Ortho-image Generation
Software specially designed for PRISM data
by the Japan Aerospace Exploration Agency.
Extensive validation of PRISM DEMs using
this procedure acknowledges a horizontal accu-
racy of less than 6 m and an absolute vertical
error of 2-18 m (Takaku and Tadono, 2009).
The DEM were extracted from 10 ALOS
PRISM stereopairs (2.5 m resolution), dating
from March 31 and April 17, 2011, and for
Plomo glacier only, March 22, 2008 (Appendix
A). Owed to low optical contrast in the highly
reflective snow of the accumulation areas of
some glaciers, the PRISM DEM presents
22.5% data voids over the glacier area mapped
in this study. As with the SRTM DEM, the orig-
inal PRISM scenes were acquired in an
advanced stage of the dry season in the Southern
Andes, and should therefore be largely devoid
of seasonal snow on the glacier surface.

IV Methods
| Identification of surge-type glaciers

We identified surge-type glaciers on the basis of
the satellite images and DEM difference grid

interpretation in addition to the potential
surge-type glaciers identified from previous
research (Table 1). From the three main charac-
teristics of surge-type glaciers stated in the
introductory section (i.e., changes from abnor-
mal to surge velocities and back, terminus
advance and indicative morphological features),
the assessment of glacier velocity changes were
limited to three surges (see Section I'V.5), whilst
glacier length changes were measured in all but
three glaciers (Section IV.3). A precise determi-
nation of the duration of surge cycles is often
severely hampered by the limited availability of
archival imagery from the first half of the twen-
tieth century and earlier on. Geomorphological
evidence for glacier surges stems from a series
of characteristics including large displacement
of ice mass/volume gain to the lower ablation
area, heavily crevassed surface, contorted or
looped medial moraines, high speed flow and
push moraines (Copland et al., 2003; Grant
et al., 2009). The presence of these indicative
features and the fulfillment of the two other
criteria, coupled with other characteristics such
as the direct/indirect observation of glacier
surges has resulted in a number of surge-type
indexations (e.g. Barrand and Murray, 2006;
Copland et al., 2003, 2011; Sevestre and Benn,
2015; Yde and Knudsen, 2007). Here we use the
latest surge-type index by Mukherjee et al.
(2017), which adjusts the index by Sevestre
and Benn (2015) and categorizes confirmed
surge-type glaciers (index = 1), very probable
surge-type glaciers (index = 2), and possi-
ble surge-type glaciers (index = 3). Accord-
ing to this classification, and in addition to
the geomorphological features common to
all three index, the average advance rate differs
between confirmed surge-type (>100 m yr '),
probable surge-type (100 m yr~' > advance
rate > 10 m yr '), and possible surge-type
(<10 m yrY).

Glacier denomination is crucial in this
region, since the misleading of glacier names
has resulted in erroneous location and count of
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surge-type glaciers in the Andes in the present
databases of the World Glacier Monitoring Ser-
vice GMS (WGMS, 2017) and the current ver-
sion of the Randolph Glacier Inventory (RGI
6.0, RGI Consortium 2017; Pfeffer et al. 2014)
(see Table 2), which are based on Sevestre and
Benn (2015). Currently, not many glaciers have
official names in the study region. When avail-
able, we used glacier names from official
Chilean (www.dga.cl) and Argentinean
(www.glaciaresargentinos.gob.ar) cartogra-
phy. Otherwise, the utilized denomination
followed Lliboutry (1999) or alternatively,
we named the glaciers according to the main
peak from which the given glacier flows
(e.g., Barroso glacier after Picos del Bar-
roso). Noreste del Cerro Alto and Piuquenes
glaciers are two of the three main tributaries
of a mayor trunk glacier, which we termed
Tunuyan (Figure 2). For the sake of clarity,
RGI ID numbers are provided in Table 2.

A t-test was carried out to compare the topo-
graphic characteristics (area, length, slope,
aspect, and minimum and maximum elevation)
of the surge-type glaciers, as derived from the
SRTM data, with respect to the non-surge-type
ones. Topographic parameters of the non-surge-
type glaciers in the Tupungato, Diamante, and
Tunuyan catchments (851 glaciers in total) were
culled from the Argentinean National Glacier
Inventory (Inventario Nacional de Glaciares,
ING) (www.glaciaresargentinos.gob.ar). This
glacier inventory initiative contains much
improved outlines in comparison to the Ran-
dolph Glacier Inventory. No non-surge-type
glaciers in Chilean territory were used in the
analyses.

2 Glacier ice mapping

Outlines for the investigated glaciers exist from
the ING. These outlines are often based on very
high resolution satellite imagery and are backed
up by extensive terrain verification. Yet, the
glacier polygons are exceedingly smoothed

(which makes them hardly adjustable to the
original optical and DEM raster data), and cor-
respond to recent years (>2009). Thus, the cus-
tomary TM3/TM5 band ratio method and a
DN>2 threshold for the delineation of bare ice
in the Landsat scenes were used (see Bolch
et al., 2010; Paul et al., 2002). The extent of the
debris-covered ice was obtained from the gla-
cier outlines produced by the ING, which were
nonetheless manually adjusted to the glacier
extent in the Landsat scenes of different years.
Area changes were calculated between 2000
and 2011 in order to relate them to the corre-
sponding contemporaneous elevation changes,
no matter a given surge event started or lasted
beyond the 2000-2011 study period.

Uncertainties in glacier elevation changes
and mass budget determinations by means of
DEM differencing (i.e., the geodetic method)
strongly depend on the mean glacier size (Zemp
et al., 2013). Thus, highly accurate glacier out-
lines are required. The corresponding 2000 and
2011 glacier outlines were checked for seasonal
snow against Landsat TM scenes from the years
1999 and 2010. For the purpose of this study, we
assumed that the mapping uncertainty in debris-
covered ice on Landsat images equals half the
TM pixel size (15 m) (Bolch et al., 2010; Paul
et al., 2013). Based on this assumption, we
expected a glacier area uncertainty of ~5%,
which is in line or slightly more conservative
than previous studies.

3 Length changes

We calculated glacier length changes along a
central flow line using the satellite images by
visual interpretation. The flow line was drawn
perpendicular to the contour lines derived from
the SRTM and upwards from the glacier snout.
The line was then cropped using the glacier out-
lines produced for each measurement year.
Because all imagery is projected in UTM Zone
19 S, length measurements are provided as pro-
jected distances. In the cases of Barroso, Colina
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Figure 2. Detail of the Tunuyan trunk glacier and the Noreste del Cerro Alto and Piuquenes tributaries, with
the glacier outline in yellow line. Image source: Google Earth®©.

Sur, Loma Larga, Cachapoal, and Este del Cerro
Marmolejo (Marmolejo hereafter) glaciers, inac-
tive, debris-covered tongues (dead ice) lies ahead
of the active surge fronts. For the length calcula-
tions, only the active tongue was considered. In

the cases of the Tunuyan tributaries (Noreste del
Cerro Alto and Piuquenes), and due to the diffi-
culties in determining the limit between the tri-
butary and trunk glaciers, we did not calculate
the length changes of the tributaries.



Progress in Physical Geography XX(X)

The uncertainty in glacier length estimations
¢AL (m) between each pair of scenes was calcu-
lated after Hall et al. (2003), considering the
different satellite imagery pixel size in meters
(ps) and the co-registration error CE (m)
between successive scenes as

AL = \/pslz +pS22+CE (1)

Because L1 T Landsat scenes are properly
orthorectified, their horizontal coordinates have
a good match and no co-registration is needed.
This way, the term CE in equation (1) can be
discarded when using L1 T data only.

4 Co-registration of DEMs and mass
balance calculation

We used the method developed by Berthier et al.
(2007) to remove the horizontal and vertical
shifts between the SRTM and PRISM DEM.
This procedure shifts iteratively a slave DEM
(PRISM in our case) with respect to a master
DEM (SRTM) until a minimum in the standard
deviation of the elevation differences over sta-
ble terrain is reached. Contrary to the PRISM
DEM, whose elevation data refers to the
WGS84 ellipsoid, the elevation values in the
SRTM products correspond to the EGM96
geoid. Hence, ahead of DEM differencing, all
elevation data is stacked in a single file, put in
the same ellipsoidal datum and then projected in
UTM Zone 19 South.

Once the DEMs were co-registered, we cal-
culated glacier elevation changes (dh/dt)
between February 2000 (¢z,) and March-April
2011 (#,) by subtracting the newer PRISM to
the older SRTM DEM. For the Loma Larga,
Cachapoal, Tunuyan, Colina Sur, and Barroso
glaciers, which have dead ice below the active
glacier tongues, we calculated the glacier eleva-
tion changes considering both the active and
inactive ice extent.

Large voids in the PRISM DEMs in the upper
parts of some glaciers prevented a meaningful
elevation change of the full glacier area. Several

ways to deal with data gaps exist, such as filling
the data voids with the mean elevation change
calculated on the basis of elevation bands (see
Le Bris and Paul, 2015). Because in some gla-
ciers our data gaps were considerably large,
sometimes missing more than half the glacier
area, we considered that the interpolation of
missing values would seriously alter the dh/dt
signal and thus retained the data voids in the
resultant elevation difference grids. We hence
present here the dh/dt elevation changes of the
covered (mostly lowermost) portions of these
glaciers only, which still gives valuable insight,
whilst we provide geodetic mass balance esti-
mations for those glaciers fully captured in the
DEM difference grids. Only a very small frac-
tion of Innominado glacier was covered by the
ALOS PRISM DEMs; the glacier was thus dis-
carded from the elevation change calculations.

We also calculated rough thickness changes in
the reservoir and receiving areas of the Noreste
del Cerro Alto, Piuquenes, Horcones, and Plomo
glaciers. For this purpose, the reservoir area was
defined as those pixels showing positive eleva-
tion difference values (mass gain), whilst the
receiving area is composed of pixels with nega-
tive values (mass loss) (Pitte et al., 2016).

To convert the glacier elevation change values
into geodetic mass balance, the dh/dt values and
glacier areas are used to calculate the volume
change (km®) for each glacier. In this manner,
the geodetic mass balance (m w.e.) can be calcu-
lated by assuming an average firn density con-
version factor of 850 + 60 kg m > (Huss, 2013).

4.1. Uncertainties. In this study, surface elevation
and mass changes uncertainties are mainly given
by the errors of the two DEMs used. When deter-
mining glacier elevation and mass changes by
means of DEM differencing, the approach sug-
gested by Gardelle et al. (2013) is widely used to
estimate the uncertainty (e.g. Bolch et al., 2017;
Falaschi et al., 2017; Maurer et al., 2016). Here
we follow the aforementioned method, which
accounts for the degree of the spatial correlation
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of the elevation differences over stable (off-gla-
cier) terrain (Fischer et al., 2015). Because the
slope and roughness of stable terrain way off the
glaciers might be not entirely representative of
the glacier surface (Rolstad et al., 2009), the
uncertainty in elevation change was calculated
for buffer areas around each glacier unit, of about
two times the glacier area (Fischer et al., 2015).
Finally, outliers were defined as (i) elevation
change pixel values exceeding + 100 m and
(ii) stable terrain slope pixels greater than the
mean slope plus one standard deviation of the
glacierized areas and eliminated from the buffer
areas. After removal of the slope outliers, o of the
elevation differences between the SRTM and
PRISM DEMs on stable terrain was 7.7 m.
Uncertainty values were calculated for eleva-
tion bands (50 m here) as proposed by Gardelle
et al. (2013) within the buffer areas encompass-
ing the 2600—7000 m elevation span of the gla-
cierized area. The standard error EAz; of the
elevation differences between DEMs over stable
terrain per elevation band is obtained by dividing
the random error of each individual pixel of ele-
vation change oAz; by the effective number of
independent values on each elevation band 7,:

(2)

O'AZ,‘

A /I’leﬂ

In turn, n.is smaller than n,,, by a factor of 2d:
Nyor-R

d (3)

d being the distance of spatial autocorrelation
(120 m) as calculated using the Moran’s | auto-
correlation index (Gardelle et al., 2013), and R
(30 m) the pixel size.

The systematic uncertainty in the volumetric
change calculations €Az; is calculated following
(Koblet et al., 2010):

e
€Az, = — (4)

Ntot

EAz; =

Reff =

where Az; (in meters) is the mean elevation dif-
ference between the two used DEMs and ny, the
total number of pixels.

For each glacier, the associated uncertainty in
volume change EAv; results from the product of
the area of each one of the elevation bands 4;
(m?) and the corresponding uncertainty in ele-
vation change:

(5)

The + 60 kg m > uncertainty (Huss, 2013) is
incorporated in the overall volume uncertainty
calculation, taking into account the differences
between using a density of 790 kg m > and 910
kg m ™ versus the 850 kg m > reference value.
This way, the overall volume change uncer-
tainty (EA, ;) is calculated based on the stan-
dard principles of error propagation, where the
error in volume change EAv; (m?) and the error
in firn density assumption in meters (£,) are
summed quadratically:

EA, 10t = \ E*Av; + E?p

n
EAVI' = ZEAZI *A,'
i

(6)

5 Glacier surface velocities and related
uncertainty

We estimated glacier surface velocities of the
Piuquenes and Noreste del Cerro Alto tributary
glaciers during the two latest 1985-1987 and
2003-2007 surges. The choice of these two gla-
ciers resided in a number of reasons. On one
hand, and apart from Horcones and Plomo gla-
ciers, Piuquenes and Noreste del Cerro Alto
showed the most distinctive morphological
surge-like features and were the glaciers where
the mass transfer from the reservoir to the
receiving zone were most clearly defined in the
elevation difference maps. On the other hand,
Piuquenes and Noreste del Cerro Alto were the
two only glaciers were the combination of the
image resolution, size of the trackable features,
glacier velocity and time span between avail-
able imagery allowed a technically sounding
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estimation of glacier velocities. The remaining
glaciers had too small morphological features to
be tracked in the comparatively coarser Landsat
imagery, or flowed too slowly in relation to the
time span between available satellite images
(see below).

We applied the CIAS feature-tracking proce-
dure (Kddb and Vollmer, 2000) on a series of
Landsat images to determine glacier displace-
ments. The CIAS procedure has been widely
used in glaciological studies (e.g. Kumari
et al., 2014; Smith et al., 2015; Wilson et al.,
2016) since it has proven to yield accurate
results in glaciers with high optical contrast
(Heid and Ké&ib, 2012). We examined surface
velocities on these surge-type glaciers during
the mid-2000s surges and also calculated sur-
face velocities for a previous Noreste del Cerro
Alto surge in the mid-1980s.

In a first step, the initial #, (first epoch)
and the final #; (second epoch) scenes are
co-registered at sub-pixel scale utilizing the
normalized cross-correlation (NCC) algo-
rithm that uses CIAS (K&ib and Vollmer,
2000). Such algorithm operates by iteratively
shifting a pixel block or window in the ¢,
image that is correlated to a second, usually
larger window in the overlapping area of the
t; scene. Displacement magnitude and direc-
tion are determined by comparing the coordi-
nates of the highest correlation block in the
search window, with those of the first pixel
block. Keeping an initial pixel block of
15x15, the final window varied between
6x6 to 9x9 pixels depending on the dissim-
ilar glacier velocities at different times dur-
ing a surge. The raw displacement values
were filtered discarding points with <0.6 cor-
relation coefficient (see Wilson et al., 2016),
whilst abnormally low/high values were manu-
ally removed. Lastly, the CIAS-derived output
points were converted to raster format and
velocity maps produced.

The uncertainty in surface velocity estima-
tions using cross correlation techniques stems

from basically three sources: (1) the image co-
registration process, (2) the quality of the scenes
themselves, and (3) the performance of the
cross-correlation algorithm. Normally, an accu-
racy of +2 pixels can be expected for the
co-registration of two Landsat TM scenes
(Berthier et al., 2003) and hence the systematic
error is defined as
2R

Oy = 2, (7)
where R is the pixel size (30 m) and Az the time
separation in days. The correlation algorithm
determines the motion of the glacier features
at the sub-pixel scale, the strength of the corre-
lation and the inherent random error o,,n4,
which is quantified over stable terrain, discard-
ing glacier and shadow areas and steep terrain
(>25°) (Berthier et al., 2005). The total error in
the glacier velocity assessment gv,,, is again
calculated following the laws of error propaga-
tion:

02+ g2

O0Vior = sys rand

(8)

V Results

| General characteristics of the identified
surge -type glaciers

We identified a total of 21 surge-type glaciers,
two of which had well documented surges and
thirteen others had surge events or surge-like
features mentioned in earlier research. From the
sum of fifteen previously reported surging gla-
ciers, thirteen of them have been classified as
index = 1 (confirmed surge); Polleras was the
single index = 2 (probable surge) glacier, as
Marmolejo glacier is here updated from possi-
ble to probable surge (Table 3). In addition to
these known surge-type glaciers, six glaciers are
here considered as possible (index = 3) surge-
type for the first time. Also, we defined eleven
new surge events of variable duration among the
21 surge-type glaciers (Table 2).
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The areas of these glaciers are relatively
small (mean area 11.1 km?) and except for
Excelsior glacier, whose tongue is fully
debris-free, all of the identified surge-type gla-
ciers are heavily debris-covered, have overly
steep accumulation areas and more gentle-
sloping snouts (15-30° average slopes).

The aspect of the surge-type glaciers is
almost always East to South, which coincides
with the prevailing aspect of glaciers in the Cen-
tral Andes (Malmros et al., 2016); aspect differ-
ences between surge-type vs. non surge-type
were not significant (p = 0.46). We found that
surge-type glaciers flow from higher elevations
and reach lower elevations and are significantly
larger, longer and flatter (p < 102) in compar-
ison with non-surge-type glaciers.

2 Glacier length changes and advance rates

We found different responses in terms of rela-
tive length changes (Table 2). The most promi-
nent advances were found for Plomo glacier.
We roughly estimated 3.3 km +0.06 km
(~64%) and 3.7 km +0.06 km (~80%)
advances for the 1984 and 2004-2007 surges
based on the surge front positions mapped in
Pitte et al. (2016). During the minor 1962-
1974 Plomo surge, the glacier terminus still
advanced 1.2 km +0.03 km (~100 m yr ',
21%) (Figures 3(b) and 4(b)). The front of Hor-
cones glacier advanced approximately 3.1 km
+0.06 km (~37.4%) at a 1030 m yr~ ' rate in
the 2002-2005 surge.

Among the newly identified surge events,
Colina glacier had the most relevant one
(Figures 4(c) and 5(a)). A strong advance of
1 km took place between 1967 and 1976
(35%, 110 m yr '), whereas a second ~0.4
km advance occurred between 2004 and
2013. Sierra Bella glacier advanced ~0.8
km (25%, 23 m yr ') from 1998 to 2012.
Noticeable relative advances of ~10%
occurred in the Marmolejo (1 km, 71 m yr ')
during the 1962-1976 surge (Figures 3(d)

and 4(d)) and in the Grande del Juncal gla-
cier (~0.9 km, 74 m yr ') between 1962 and
1974. These surges in the 1960s produced
more prominent advances than in the 2000s
on theses glaciers (Table 2).

As for the remaining glaciers, the absolute
and relative advance rates were considerably
lower, including those six glaciers firstly iden-
tified as surge-type (Table 2). Because of the
minor absolute and relative advances and the
slow (close to 10 m yr™') advance rates, we
classified Colina Sur, Barroso, Oeste del Cerro
Alto, Sierra Bella, Excelsior, and Loma Larga
glaciers as index = 3 (possible surge-type).

Four of the sampled glaciers (Rio Museo,
Universidad, Juncal Sur, and Nieves Negras)
have not advanced during our observation
period (Table 2). Polleras glacier was effec-
tively advancing in the mid-1980s, though the
coarse resolution of the Landsat scenes, the
extensive debris cover and the narrowness of
the glacier tongue prevented a reliable estima-
tion of the glacier advance.

3 Elevation and mass changes

We found that in the 2000-2011 period seven
glaciers (Barroso, Cachapoal, Grande del Jun-
cal, Sierra Bella, Laguna, Rio Museo, Polleras)
had an overall positive elevation or mass
change, another seven have thinned or lost mass
(Colina, Horcones, Oeste del Cerro Alto, Tunu-
yan, Universidad, Juncal Sur, Nieves Negras)
whilst for the remaining five glaciers (Colina
Sur, Marmolejo, Excelsior, Loma Larga,
Plomo) the area-averaged mass balance has
remained close to zero (Table 2). Overall, the
surge-type glaciers showed very heterogeneous
behavior with strongly negative to highly posi-
tive elevation change rates. Cachapoal glacier
had the highest, positive average elevation
change of 1.01 +0.31 m yr '. The thickening
rate is increased to 1.45 +0.31 m yr ' if only
the active tongue is considered in the calcula-
tion (Figures 4(b) and 5(e)). A similar
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configuration of an inactive glacier tongue
below the active one, though with a much
lower rate of elevation change, was found for
Colina Sur (—0.024+0.22 m yr '), Loma
Larga (—0.1140.27 m yr '), and Barroso
(0.31+0.27 m yr ).

In general, glaciers with the most prominent
terminus advances have shown the strongest

thinning rates and more negative mass balances
(Figure 5) (e.g. Horcones —0.48+0.38 m we.e.
yr~'; Colina —0.3740.24 w.e. yr'). Thinning
rates are predictably strong also on a number of
glaciers that have surged prior to our study period
(Universidad —0.56+0.30 m yr '; Juncal Sur
—1.08+0.27myr ). Apart from the few highly
thinning and thickening glaciers, the elevation
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changes of the remaining fourteen glaciers had a
more moderate trend, between +0.3 m yr .

In the case of Tunuyan glacier (—0.30 +0.33
myr "), most of the elevation losses took place
in the reservoir zones of the Piuquenes (—28.3
m) and Noreste del Cerro Alto tributaries
(—14.2 m), but also in the portions in between
the Noreste del Cerro Alto and Piuquenes
receiving zones (which in turn show elevation
gains of +19.6 m and +14.0 m), in the northern
tributary and in the glacier terminus (Figures 2
and 5(c)©). Elevation changes in the reservoir
and receiving areas of Piuquenes and Noreste
del Cerro Alto glaciers varied greatly in com-
parison with, Horcones (—1.8 m, +6.5 m),
Plomo (—32.2 m, +30.9 m), and Colina
(=10.2 m, +14.86 m).

4 Surface velocities during the 1980s and
2000s Noreste del Cerro Alto and
Piuquenes surges

The velocity of the glacier in the quiescent
phase, as measured through March 2001-March
2002, was 0.07 +0.22 m d~". The glacier begun
then to accelerate, the velocity increasing up to
0.18+0.19 m d " in the reservoir area between
March 2002 and February 2003 (Figure 6(i)).
Maximum velocities of 24+1.1 m d~' (i.e., 28
times the velocity of the quiescent phase) were
reached in the summer of 2004 (Figure 6(g)),
when the surge wave was still in the reservoir
area. Velocities averaged 0.43 m d~' between
March 2004 and January 2005, before a peak of
~3+19md "' (1.3+1.9 m d ' on average)
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(f2) Nieves Negras; (g) Laguna; (h) Barroso.

was measured in January—February 2005
(Figure 6(h)), as the surge front reached the
limit of the main glacier valley. The February
2005—January 2006 time period shows a still sur-
ging, yet slowed down glacier (average 0.63 m
d "), whereas roughly similar velocities were
also measured in January—February 2006. Addi-
tional Landsat imagery from February 2006 to
March 2007 depicts a decelerated glacier flowing
atmax 0.31 m d ™ in the main glacier branch. By
the summer of 2007 the glacier had entered its
quiescent stage again (0.16 m d ") (Figure 6(i)).

Unlike Piuquenes glacier, Noreste del Cerro
Alto surged in the mid-1980s. Although the
initiation of this surge cannot be traced due to
the unavailability of Landsat images from 1985,

the surge wave of Noreste del Cerro Alto had
already entered the main Tunuyan glacier by
February 1986 at a velocity of 0.9 +1.1 (max
3.1 +1.1md™"), and a maximum of 1.8 md~"
in April of that year (Figure 6(a) and (c)). Velo-
cities during the April 1986—February 2007
period show reduced velocities (max 0.42 m
d™"). Shortly afterwards, the glacier decelerated
rapidly and had slowed down to quiescent velo-
cities (mean 0.1 m d ') as measured in the sum-
mer of 1987 (Figure 6(c)).

The timing of the most recent Noreste del
Cerro Alto surge was similar to the contemporary
surge of Piuquenes glacier. Between 2001 and
2002, during the quiescent phase, the average
glacier velocity was 0.05+0.23 m d™' (i.e. a
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Figure 6. Glacier surface velocities during the active phases of the 1985-1987 (a-c) and 2003-2007 (d-f)
Noreste del Cerro Alto surge. In both examples, the surge wave is captured in the reservoir area, with
maximum velocities of 3.1 + .1 and max 2+3.8 m d . (g-i) show the surge wave moving from the reservoir
to the receiving area during the 2003-2007 Piuquenes surge (3+ 1.9 md ™).

velocity range between —0.18 and 0.28 m d ™.
Velocities in the reservoir area had reached
0.34+0.18 m d ! in the summer 0f 2003, and had
slowly increased to 0.6 m d~' by 2005 (Figure
6(e)). Throughout this year the glacier acceler-
ated and flowed at a maximum of | m d~', peak-
ingat 2 m d ™" in February 2006 (Figure 6(d) and
(e)). By January 2007 velocities had decreased
again to 0.55 m d ', and to quiescent velocities
in early March.

VI Discussion
| Length changes

It is generally accepted (e.g. Bhattacharya et al.,
2016; Bolch et al., 2012, WGMS, 2008) that

glacier length represents a delayed signal to cli-
mate change and is hard to interpret in climate
terms. In particular, length changes of surge-
type glaciers may not be directly related to
climate (Jiskoot, 2011). There is at present no
consensus in the literature about the absolute or
relative magnitude of glacier terminus advances
to qualify as a surge (Mukherjee et al., 2017).
Based on the interpretation of the Landsat ima-
gery, we found that slight glacier advances (nor-
mally in the order of a few dozen meters) were
common in the study area during the second half
of the 80’s, (including some of the sampled
surge-type glaciers such as Polleras, Oeste del
Cerro Alto, Grande del Juncal, Marmolejo),
when climate conditions were supposedly
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favorable (Masiokas et al., 2016). Similarly,
Universidad glacier, one of the largest of the
investigated surge-type glaciers, advanced
~140 m during that same period (Wilson
et al., 2016). The ~0.4 km advance of Nieves
Negras around this time is the most prominent
one among the investigated glaciers here.
Throughout the 2000s, conditions were mostly
unfavorable and glaciers retreated significantly
on a regional scale in the Central Andes (Espi-
zua and Pitte, 2009; Malmros et al., 2016;
Masiokas et al., 2009). Yet, the newly identified
possible surge-type glaciers had advances of up
to 700 m (Table 2), which are undoubtedly
larger than those in the 80’s. In view of the
above, and in addition to the glacier mass bal-
ance trends discussed above, we are confident
that the small advances observed by us are
minor surge episodes and not a normal response
to climate variability.

When revisiting Innominado glacier, we
found a discrepancy with the data presented
by Llorens and Leiva (1995). These authors
reported a 2.9 km advance of Innominado gla-
cier between 1986 and 1991. We reassessed
this advance to be around 1 km (i.e. probably
a case of visual misinterpretation of the debris-
covered ice extent) and observed that the core
of the glacier advance took place between 1988
and 1989, and that by 1990 the glacier had
become largely stable. No further advances
were to be found.

2 Glacier mass balance records in the
Central Andes

Glacier trends in the Central Andes have been
that of steady and increasingly faster retreat
since the second half of the 20th century (Bown
et al., 2008; Malmros et al., 2016). Interspersed
in the glacier record available in the region,
however, periods of glacier advance and posi-
tive mass balance exist. The glacier with the
longest mass balance record, Echaurren Norte,
sustained positive mass balance conditions

during the entire 1980 decade and also during
short-lived periods in the early 2000s (Masiokas
et al., 2016). This is in coincidence with the
nearby Piloto Este (Leiva et al., 2007) and Las
Vacas (Lenzano, 2013) glaciers. Also Universi-
dad glacier has undergone frontal advances and
velocity increases that are roughly synchronous
with these positive mass balance periods (Wil-
son et al., 2016). Nevertheless, and in general
terms, glaciers in the Central Andes have been
steadily thinning in recent years (—0.24+0.31
m yr~ ' —Falaschi et al., 2018; —0.77+0.22 m
yr~' — Mernild et al., 2015).

During the second half of the 2000s, when
glaciers in the area sustained a negative mass
balance trend and thinned consequently
(Mernild et al., 2015; Masiokas et al., 2016), the
newly identified possible surge-type glaciers
Barroso, Sierra Bella and Colina Sur glaciers
had positive to ~0 elevation changes or mass
budgets, whilst Loma Larga and Oeste del Cerro
Alto had only slightly negative elevation
changes. This trend of slight glacier thickening
or thinning is considerably mellower than the
one found by Mernild et al. (2015), who corre-
lated the imbalance of the glaciers in the Central
Andes to the El Nifio Southern Oscillation and
the Pacific Decadal Oscillation. Some glaciers
that have not surged since the first half of the
twentieth century, such as Universidad and Jun-
cal Sur, have also shrunk considerably in the last
decade or so (Masiokas et al., 2009). The lim-
ited available elevation change data for Univer-
sidad (—0.56 m yr~ ') and Juncal Sur (—1.08 m
yr "), would nonetheless suggest much higher
thinning rates in comparison with the other
surge-type glaciers in the area, much in agree-
ment with the reported glacier-climate trends of
Mernild et al. (2015).

3 Mass balance and elevation changes

of surge-type glaciers

Our mass budget estimations showed that all of
the glaciers whose terminus advanced between
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2000 and 2011 have had negative to slightly
positive mass balances during that time span
(Table 2). These results are in agreement with
the findings of Pieczonka and Bolch (2015),
Mukherjee et al. (2017), and Gardelle et al.
(2013), who suggested that the net mass balance
of a surging glacier might be either negative or
positive but in general closer to zero.

The timing of a glacier surge, relative to the
analyzed time period for retrieving mass and
elevation changes, influences the overall mass
budget and thinning/thickening signal. Glaciers
with a surge event fully enclosed in the 2000
2011 period (e.g., Marmolejo, Tunuyan, Oeste
del Cerro Alto) had negative to ~0 average
elevation and mass changes. Because the study
period incorporates the quiescent phase which
follows surge termination, the mass budget cal-
culation is probably biased towards enhanced
thinning. In contrast, glaciers with post-2011
culminating surges (Barroso, Colina, and
Sierra Bella) tend to have more positive mass
budgets, as the mass transfer and elevation
losses in the receiving area are not fully cap-
tured and surge termination occurs after the
2000-2011 study period.

The above is well exemplified in the case of
Horcones glacier. Between February 2000 and
March 2011, Horcones thinned at —0.564+0.33
m yr ' on average, leading to an overall mass
balance of —0.48+0.36 mw.e. yr— ! The reser-
voir area thinned 21.8 m, whereas the receiving
zone underwent an elevation change of 6.5 m on
average. Pitte et al. (2016) calculated glacier
elevation changes in the much shorter period
between March 2003 and April 2004, at the
peak of the active phase, and found a glacier
thinning of —43 +6 m and a thickening of
30+ 6 m in the reservoir and receiving areas,
respectively. Previously, Lenzano et al. (2013)
had reported a total elevation change of 23 + 10
m by analyzing ASTER DEMs between 2001
and 2008. These differences probably arise from
the difference in the analyzed time periods and
the glacier processes that took place following

the surge. As the Horcones flow became nearly
stagnant and entered the quiescent phase, the ice
surface in the receiving area lowered and the
glacier thinned. An average elevation decrease
of 0.8 m d™' (~2.9 m yr ') was measured
between 2009 and 2014 (Lenzano et al.,
2016). The >3 km advance of Horcones meant
that the glacier tongue was now laying at a much
lower elevation, where the temperatures are
warmer and ice is more prone to melt (Lenzano
et al., 2016). After a surge, a glacier’s ablation
area is increased, causing a negative effect on
mass balance (Oerlemans and van Pelt, 2015).

Positive elevation changes are widespread in
the accumulation area of Laguna glacier (Figure
5(g)), whereas the lowermost part of the glacier
is thinning and the tongue rapidly retreating.
This might in fact illustrate the buildup phase,
as the ice mass increases in the reservoir area
before the active phase is initiated (Jiskoot,
2011), and may be indicative of the next surge
of Laguna glacier.

4 Glacier surface velocities

We recorded maximum velocities of 3+1.9 m
d'and3.5+1.2md ' for Piuquenes and Nor-
este del Cerro Alto glaciers during the presumed
peak (February 2005) of the 2003-2007 surge,
whereas the maximum speed (3.1+1.1 m d™")
of the 1985-1987 Noreste del Cerro Alto surge
showed similar velocities in comparison with
the 2003-2007 one. Quincey and Luckman
(2014) have shown that surge characteristics
such as velocities may vary among nearby indi-
vidual glaciers within a surge-type glacier clus-
ter to a large extent. Compared to the maximum
14 m d~' surface velocities measured at the
peak (April 2004) of the Horcones 2002-2005
and 35 m d~' of the 2004-2007 Plomo surges
(Pitte et al., 2016), both Piuquenes and Noreste
del Cerro Alto have flown at much lower rates.
These higher velocities in the Horcones and
Plomo glaciers might stem from their topogra-
phical setting and morphological characteristics.
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In order to transfer a given amount of ice vol-
ume in the particularly narrow gorge through
which Horcones and Plomo flow, a faster flow
is required in comparison to the broader Piu-
quenes and Noreste del Cerro Alto glacier val-
leys. Also, the larger areas, the gentler average
slopes and the narrower elevation ranges possi-
bly promote a slower propagation of the glacier
front in the case of Piuquenes and Noreste del
Cerro Alto. The differences in glacier valley
morphology may also explain the compara-
tively lower thinning and thickening in the Piu-
quenes (—28.3 m and 19.6 m) and Noreste del
Cerro Alto (—14.2 m and 14.0 m) reservoir and
receiving areas when compared to Horcones.

5 Timing and duration of the surge events

From our investigations, it can be safely
assumed that Piuquenes surged in the mid-
2000s, whereas Noreste del Cerro Alto did so
in the mid-1940s, mid-1980s. and mid- 2000s.
Based on these evidences, it can be argued that
Noreste del Cerro Alto glacier may have a surge
cycle of ~20-40 years. The reported 1997 surge
of Piuquenes by Lliboutry (1999) is not visible
in the 1996-1998 Landsat imagery). Most prob-
ably, a then recent surge was assumed after a
personal communication (“Nearby, the east gla-
cier of Nevado de los Piuquenes was found to be
surging in January 1997 (A. Aristarain, oral
commun. — Lliboutry, 1999: 1142). With no
repeated surges, it is hence not possible to deter-
mine the duration of the Piuquenes surge cycle.
For the Plomo glacier, considering also the
occurrence of the catastrophic surge prior to
1934 (Espizua, 1986), we hypothesize a ~ 20—
30 years surge cycle. Prieto (1986) suggested
the occurrence of a surge Plomo prior to 1786,
and proposed a longer 50 year quiescent phase
for Plomo glacier. With the greatly coincident
timing of the last two surges of Plomo and Hor-
cones glaciers in mind, it is worth noting that the
latter did not surge contemporarily to the 1962—
1974 Plomo surge. In contrast, Grande del

Juncal (and Marmolejo, incidentally) did surge
in the mid-1960s and mid-2000s at the same
time as the Plomo episodes.

The velocity increases appear to be gradual in
the latest Noreste del Cerro Alto and Piuquenes
surges (Figure 6), and defining a precise initia-
tion (and termination) date of the active phases
is problematic. This situation is worsened by the
scarcity of satellite images suitable for tracking
glacier features, due to the frequent cloud cover
and the abundance of seasonal snow on the gla-
cier surface around the winter and spring time.
We nevertheless suggest that the active phases
of the Noreste del Cerro Alto and Piuquenes are
relatively short (2-3 years), and analogous in
duration (but temporarily shifted) to the latest
Horcones 2002-2005 surge (Pitte et al., 2016).
In comparison to the Noreste del Cerro Alto and
Piuquenes surge episodes, the last two surges of
Plomo glacier seem to have taken place during
shorter periods. The 1984 surge had fully devel-
oped within a less than a year span (February to
November), whereas the major advance of the
glacier during the latest surge was completed
between February 2006 and September 2007
(Pitte et al., 2016). Conversely, the compara-
tively minor (in linear advance) third surge
episode of Plomo glacier took much longer
(1962-1974) to complete (though the timing of
surge termination is an estimate, as there are no
in between images available).

To our knowledge, all of glacier surges
reported for the first half of the twentieth cen-
tury and earlier on lack precise details of the
timing of the surge events. Therefore, it is
hardly possible to precisely determine the tim-
ing and duration of surge cycles. A second con-
strain is the low frequency of remote sensing
data before the second half of the twentieth cen-
tury. The surge-type glaciers in the Mendoza
catchment, including Horcones, Plomo, Grande
del Juncal, Innominado, and Polleras glaciers,
have been nevertheless visited on a very fre-
quent basis since the eighteenth century
(Prieto, 1986). The Plomo and nearby glaciers,
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as well as the Tunuyan creek, have been also
investigated regularly ever since the 1934
Plomo flood by governmental administration
(e.g., Departamento Provincial de Irrigacion
of Mendoza) to generate stream flow forecasts,
noticing no other evidences of sudden, large
glacier advances.

6 Surge mechanism

The time of the year at which surges initiate and
terminate has been linked to the underlying
surge mechanism (see introduction section).
Pitte et al. (2016) proposed the Alaska-type,
hydrological model for the Horcones glacier,
in view of the short duration of the active phase
and the abrupt change in the velocity in the
2002-2005 surge. Initiation of the active phase
of the last two surges, however, was determined
to have occurred in January 2003 and between
October 1984—January 1985, which coincide
with the summer and spring-early summer in
the Southern Hemisphere, respectively. Simi-
larly, both Plomo surges in the mid-1980s and
mid-2000s started in February (Pitte et al.,
2016). In the case of Noreste del Cerro Alto and
Piuquenes glaciers, and whilst the available
imagery might not be exhaustive, the active
phases of the surges also started during the sum-
mer months (2005 and 2004, respectively; see
Figure 6). This information would point out to a
common surge mechanism among these four
glaciers. Surge initiation during summertime is
nonetheless in disagreement with the hydrolo-
gical switch model, which should imply initia-
tion during wintertime, or at least when the
amount of input meltwater is scarce (Jiskoot,
2011). Contrary to what was found in the Hor-
cones and Plomo glaciers, whose shift from
quiescent to surge velocities was abrupt (Pitte
et al., 2016), the latest surges of Noreste del
Cerro Alto and Piuquenes are characterized by
an acceleration period lasting 2—3 years before
the velocity peak is attained. Such behavior is

expected for thermally triggered (Svalbard-
type) glaciers (Quincey et al., 2011).
Elucidating a surge mechanism based only
on the interpretation and feature tracking of sat-
ellite imagery to derive surge velocities is not
entirely satisfactory, because cloud cover and
seasonal snow might limit the compilation of a
dense time series critically. In addition, there is
a limited amount of evidence that can be
obtained from satellite imagery concerning
water fluxes into the glacier bed and the thermal
state of glacier. Moreover, Jiskoot (2011) has
highlighted that no systematic and comprehen-
sive assessment of the surge seasonality related
to an unequivocal surge mechanism has been
carried out so far at large (global) scale. The
dissimilar results presented here clearly show
that this relation might not be straightforward,
and more research must yet be conducted in the
Andes. A conclusive assessment of the involved
surge mechanisms should require in-situ,
detailed data about the thermal state of glacier
beds and the characteristics of the subglacial
drainage systems in the sampled glaciers.

7 Comparison with other regions with focus
on the Karakorum

Among the various glacier clusters around the
Globe (e.g., Greenland, Svalbard, Arctic
Canada), the Karakorum Range in Asia, which
hosts a large number (>160) of surging glaciers
(Bhambiri et al., 2017), presents several climate
features that bear the greatest resemblance to
the Central Andes, an assertion already made
by Helbling (1935). The high aridity, wide ther-
mal amplitude, high solar radiation and strong
winds, all contribute to the formation of exten-
sive debris covers on glaciers in a similar cli-
matic environment. With some reservations,
Sevestre and Benn (2015) have argued that all
major surge-type glacier clusters are exposed to
colder and drier climate conditions. On the other
hand, several surge-type glaciers (e.g., Sval-
bard, Alaska, and East Greenland) are much
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larger in size compared to the Andean cluster. In
fact, from the surging glacier data in Sevestre
and Benn (2015), we found that except for the
surge-type glaciers in the Caucasus, the Central
Andes surge-type glacier cluster contains in
general the smallest glaciers worldwide. Whilst
we do not rule out comparisons with glacier
clusters other than the Karakorum, we made
focus on this latter site.

Regarding glacier length changes and proba-
bly because of the much smaller size, the length
changes of the glaciers here investigated may
seem of little relevance in comparison to the
extraordinary surges in the Karakorum, where
advances of several kilometers are common
(e.g. Copland et al., 2011; Paul, 2015; Quincey
and Luckman, 2014). In their thorough review
of Karakorum glacier surges, Bhambri et al.
(2017) report the 12 km and 10 km advances
of Khutia and Hassanabad glaciers, which are
3—4 times greater than the ~3 km advances of
Horcones and Plomo surges. Initial glacier size
is nevertheless not necessarily related to the
magnitude of the surge advance. The 220 km?
and 65 km long Lowell glacier in the Yukon, for
example, advanced 2.85 km in its latest surge
(Bevington and Copeland, 2014), an extent sim-
ilar to the much smaller and shorter Horcones or
Plomo glaciers. For the small surge-type gla-
ciers in the Central Andes, similar relative
length changes compared to larger glaciers else-
where (e.g. Mukherjee et al., 2017) may be of
equal relevance. We hypothesize that the rather
small advances of the surge-type glaciers of the
Central Andes have hampered the proper iden-
tification of a larger number. The smaller mag-
nitude of glacier surges, the limited size of
geomorphologic features and inadequate tem-
poral imagery resolution make the glaciers more
difficult to identify based purely on the inter-
pretation of satellite imagery.

In terms of glacier velocities during glacier
surges, measurements on a large number of gla-
ciers in the Karakorum reveal slow, generally
<6 m d~' velocities (Quincey and Luckman,

2014; Quincey et al., 2011, 2015; Rankl
et al., 2014), much in concordance with the
velocity values that we determined for Piu-
quenes and Noreste del Cerro Alto. Excep-
tionally, velocities of up to 400 m d~' have
been documented for the Yengutz Har Gla-
cier (Bhambri et al., 2017). In comparison to
the large surge-type glaciers in Alaska-
Yukon or Svalbard (see Bevington and Cop-
land, 2014; Burgess et al., 2012; Dunse
et al., 2015), the surface velocities of Piu-
quenes and Noreste del Cerro Alto appear
much slower.

The analyzed data for the Plomo, Horcones,
Noreste del Cerro Alto, and Piuquenes glaciers
suggest that they all have short active phases
separated by quiescent faces of a few decades.
A number of surge-type glaciers in the Kara-
korum have shown repeated, frequent surges
in relatively short time periods (Paul, 2015;
Quincey and Luckman, 2014). In the Pamir,
Medvezhiy Glacier surged 5 times between
1963 and 2011 (Osipova, 2015). On the con-
trary, some of the sampled glaciers did not surge
since the early 20th century (e.g. Universidad,
Rio Museo, Nieves Negras, Juncal Sur). A flood
released in 1848 from Cachapoal glacier (Pla-
gemann, 1887) was interpreted as a glacier
surge by Rothlisberger (1986). More floods fol-
lowed in 1955 and 1981 (Iturrizaga and Char-
rier, 2013), though a direct relation with glacier
surges has not been firmly acknowledged. At
least for the second event, we were unable to
identify any surge evidences from remote sen-
sing data. The absence of repeated surges on
them would suggest relatively longer surge
cycles common amongst them. This is indeed
interesting, as such long quiescent phases have
been described for the higher latitude surging
glaciers in Svalbard, Greenland, and Alaska
(Jiskoot and Juhlin 2009; Jiskoot et al., 1998;
Kienholz et al., 2017). The dissimilar duration
of the quiescent phases found in the Central
Andes has been also observed for glacier surges
in the Karakorum (Quincey et al., 2015).
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VIl Conclusions

On the basis of aerial photographs, medium- to
high resolution satellite imagery and DEM dif-
ferencing, we have identified 21 surge-type gla-
ciers in the Central Andes of Argentina and
Chile, from which six glaciers were here iden-
tified for the first time as possible surge-type
glaciers. In addition, 11 new surge episodes
were identified among these glaciers. The pres-
ent study constitutes hence the most up-to date
and detailed surge-type inventory of this partic-
ular region of the Andes so far.

Advance rates of the investigated surge-type-
glaciers were found to be highly dissimilar,
Colina glacier having shown the greatest
advance from the newly identified surge events.
Glaciers that advanced in the 2000-2011 study
period showed negative to slightly positive
mass balance conditions, relating to the timing
of the surge events and not necessarily in accor-
dance with the wider, regional trend of moder-
ate to high thinning rates.

The few available surveys for surge-type gla-
ciers in the Central Andes reveal variable velo-
cities during surges (up to one order of
magnitude), though fairly slower compared
with recorded velocities in high-latitude surge-
type glacier clusters. The Piuquenes and Nor-
este del Cerro Alto velocity change between the
quiescent and the surge phase was estimated to
be ~40-50 times faster during the 2003-2007
surge event. Whilst repeated surges for five gla-
ciers allowed for the estimation of surge cycles
of ~20-40 years, the remaining glaciers have
not surged since the first half of the twenty-first
century or have only done so in recent years, and
may have longer quiescent phases with >50
years cycles, which would in turn suggest het-
erogeneous duration of the surge cycles.

On average, surge-type glaciers in the Central
Andes are much smaller in size and have shown
minor absolute advances compared to most
major surge-type clusters in the World, though
relative advances can be of comparable

magnitude among surge-type glaciers of differ-
ent size. Also, the velocities during glacier surges
in the Central Andes are consistently lower in
comparison with velocities recorded in high-
latitude surge-type glacier clusters, though they
resemble velocities often found in the Kara-
korum. Similar characteristics between surge-
type glaciers in the Central Andes and the
Karakorum include also the variable duration
of surge cycles and possibly, the dissimilar
underlying surge mechanisms within a single
glacier cluster.
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Table Al. List of all satellite and aerial photography data used for the study.

Acquisition date Spatial
(mm-dd-yyyy) Sensor resolution (m) Path/Row Use
03-05-1967 Corona KH4A ~27 DS1039-2173DF041 glacier mapping
23-02-1967 Corona KH4A ~27 DS1039-1014DA014  glacier mapping
23-02-1967 Corona KH4A ~2.7 DS1039-1014DA0I5  glacier mapping
04-08-1962 Wild RC5 - - glacier mapping
04-22-1974 Wild RC5 - - glacier mapping
03-15-1976 Landsat MSS 60 249/083 glacier mapping
02-22-1986 Landsat TM 30 232/083 cross-correlation/glacier
mapping
04-11-1986 Landsat TM 30 232/083 cross-correlation/glacier
mapping
02-09-1987 Landsat TM 30 232/083 cross-correlation
03-29-1987 Landsat TM 30 232/083 cross-correlation
03-10-1992 Landsat TM 30 232/083 glacier mapping
02-14-1998 Landsat TM 30 233/083 glacier mapping
02-10-1999 Landsat TM 30 232/083 inventory check
02-10-1999 Landsat TM 30 232/084 inventory check
02-29-2000 Landsat TM 30 232/083 glacier mapping
01-28-2000 Landsat TM 30 232/084 glacier mapping
03-11-2001 Landsat ETM+ I5 232/083 cross-correlation
02-27-2002 Landsat TM 30 232/083 cross-correlation
03-06-2002 Landsat TM 30 232/083 cross-correlation
03-17-2003 Landsat ETM+ I5 232/083 cross-correlation
01-23-2004 Landsat TM 30 232/083 cross-correlation
03-27-2004 Landsat TM 30 232/083 cross-correlation
01-25-2005 Landsat TM 30 232/083 cross-correlation
02-26-2005 Landsat TM 30 232/083 cross-correlation
04-15-2005 Landsat TM 30 232/083 cross-correlation

(continued)
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Table Al. (continued)

Acquisition date Spatial

(mm-dd-yyyy) Sensor resolution (m) Path/Row Use

01-28-2006 Landsat TM 30 232/083 cross-correlation
02-13-2006 Landsat TM 30 232/083 cross-correlation
01-15-2007 Landsat TM 30 232/083 cross-correlation
03-01-2007 Landsat TM 30 232/083 cross-correlation
03-28-2010 Landsat TM 30 232/083 inventory check
03-28-2010 Landsat TM 30 232/084 inventory check
03-31-2011 Landsat TM 30 232/083 glacier mapping
03-31-2011 Landsat TM 30 232/084 glacier mapping
03-22-2008 ALOS PRISM 10 11502/4325 DEM extraction
03-31-2011 ALOS PRISM 10 27606/4320 DEM extraction
03-31-2011 ALOS PRISM 10 27606/4325 DEM extraction
03-31-2011 ALOS PRISM 10 27606/4330 DEM extraction
03-31-2011 ALOS PRISM 10 27606/4335 DEM extraction
03-31-2011 ALOS PRISM 10 27606/4340 DEM extraction
03-31-2011 ALOS PRISM 10 27606/4345 DEM extraction
03-31-2011 ALOS PRISM 10 27606/4350 DEM extraction
03-31-2011 ALOS PRISM 10 27606/4355 DEM extraction
04-17-2011 ALOS PRISM 10 27854/4315 DEM extraction
04-17-2011 ALOS PRISM 10 27854/4320 DEM extraction
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