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Abstract Patagonian icefields are losing volume, and their loss is due partly to rapid changes in their outlet
glaciers that terminate in lakes or the ocean. Despite this key influence from outlet glaciers, relatively few of
these calving glaciers have had high-frequency measurements on their frontal variations and ice speed
changes. We describe here recent frontal variations and ice speed changes of all 28major calving glaciers in the
Southern Patagonia Icefield (SPI), including ice speed maps covering approximately half of the entire
icefield. The analysis is based on satellite data from 1984 to 2011. Over this period, only the two termini of
Glaciar Pío XI advanced. Of the remaining glacial fronts, 12 changed less than ±0.5 km, but 17 retreated at least
0.5 km. In the latter group, three glacial fronts (Glaciar Jorge Montt, HPS12, and Upsala) retreated over 6 km.
Averaged over all 31 glacial fronts of the calving glaciers, the front positions retreated 1.56 km (median is
0.71 km). Along the flowline within 20 km of the front, the ice speeds up to 5900±200ma�1. Except for regions
showing large acceleration or deceleration, the mean speed over the measured area decreased by 30ma�1

from 1984 to 2011. The three most rapidly retreating glaciers showedmuch larger acceleration near the calving
front, suggesting that ice dynamics drive their rapid retreat. Thus, we see retreat as a long-term trend for the
calving glaciers in the SPI, with behavior that implies a dynamically controlled rapid recession that may explain
the recently reported volume change of the SPI.

1. Introduction

The Northern and Southern Patagonia Icefields (NPI and SPI) cover areas of 3950 [Rivera et al., 2007] and
12,550 km2 [Skvarca et al., 2010], respectively, forming the largest temperate ice mass in the Southern
Hemisphere [Warren and Sugden, 1993]. Recent studies report that both icefields have been losing ice volume
over decadal and longer time scales, contributing to sea level rise (SLR) [Glasser et al., 2011; Rignot et al., 2003;
Willis et al., 2012]. Rignot et al. [2003] reported that the volume loss of the icefields was equivalent to a SLR of
0.042±0.002mma�1 from 1968/1975 to 2000, later increasing to 0.067±0.004mma�1 in 2000–2012 [Willis
et al., 2012].

The SPI extends for 350 km north-south along the southern Andes and the Chile–Argentina border, covering
an elevation range from 0 to 3400m above sea level. The climate of the icefield is dominated by westerly
winds from the Pacific Ocean and a steep east-west gradient of precipitation across the mountains
[Garreaud et al., 2009; Masiokas et al., 2009]. Because many outlet glaciers in Patagonia terminate by calving
either into the ocean (western side) or freshwater lakes (mainly eastern side), calving glaciers greatly
influence the SPI ice mass budget [Rignot et al., 2003].

Frontal variations of these calving glaciers have been measured for the period before 1944 [Davies and
Glasser, 2012; Glasser et al., 2011; Masiokas et al., 2009] and for the period 1944–2005 [e.g., Aniya et al., 1997;
Lopez et al., 2010]. In particular, Aniya et al.’s [1997] measurements revealed that 65% of the 48 outlet glaciers
retreated between 1944/1945 and 1985/1986, losing a total area of 200 km2. Lopez et al.’s [2010]
measurements revealed that the front-position displacements of 32 glaciers between 1945 and 2005 ranged
from �11.6 to 8.3 km. These studies demonstrate a retreating trend during the twentieth century, but the
decadal temporal resolution is not fine enough to investigate the details of rapid glacier changes. Moreover,
since 2005, there has been no detailed research on frontal variations in the SPI, despite recent abrupt retreats
of some calving glaciers there [Rivera et al., 2012a; Sakakibara et al., 2013]. To understand the details and
the driving mechanisms of the recent rapid retreats, higher temporal resolutions are required.
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Several calving glaciers in the SPI have changed rapidly over the last decade. These glaciers include Glaciar
Upsala, SPI’s third largest calving glacier. Upsala retreated 2.9 km from 2008 to 2011 [Sakakibara et al., 2013],
and Glaciar Jorge Montt retreated 308ma�1 in 2008/2009 and 716ma�1 in 2010/2011 [Rivera et al., 2012a].
Such abrupt changes cannot be attributed to climatic forcing alone, which leaves ice dynamics as a likely
driver of the rapid retreat.

Ice velocity has also been measured on SPI
calving glaciers. For example, remote
sensing has been used to observe the ice
flow on Glaciar Perito Moreno [Ciappa et al.,
2010; Michel and Rignot, 1999; Rott et al.,
1998; Stuefer et al., 2007], Upsala [Floricioiu
et al., 2008, 2009; Sakakibara et al., 2013;
Skvarca et al., 2003], and Jorge Montt
[Rivera et al., 2012b]. Also, in situ ice velocity
measurements have been collected from
Perito Moreno [Sugiyama et al., 2011],
Upsala [Naruse et al., 1995], and Glaciar Pío
XI [Rivera et al., 1997]. Muto and Furuya
[2013] used satellite data to measure the
velocity of eight calving glaciers in the SPI
from 2002 to 2011. Some glaciers showed
significant acceleration accompanied by
rapid ice-front retreat. These studies
indicate the importance of ice dynamics in
the abrupt glacier changes, but spatial and
temporal patterns of ice speed in the SPI
have been reported only for limited areas
and a relatively short time period. The
resulting lack of data obscures the role of
ice dynamics in the rapid glacier changes in
the Patagonian icefields.

Here we present a detailed data set of
recent changes in glacier length and ice
speed of calving glaciers in the SPI. We
analyzed satellite images to measure the
frontal positions and ice speeds of 31
termini of 28 calving glaciers (three glaciers
have 2 termini). All glaciers have a surface
area exceeding 100 km2, as determined in
Aniya et al. [1996]. The measurements cover
1984 to 2011 with seasonal-to-decadal
resolution. Based on the study results, we
discuss the cause of recent glacier changes
in the SPI, particularly the importance of ice
speed changes in the rapid retreat of
calving glaciers.

Table 1. Landsat Images Used in This Study

Sensor Number Period Path/Row

Landsat 4 (TM) 5 1989–2007 230/95,96, 231/94,95,96, 232/94,95
Landsat 5 (TM) 356 1984–2009
Landsat 7 (ETM+) 607 1999–2011
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Figure 1. Cumulative changes in the ice-front positions of SPI-calving
glaciers from 1984 to 2011. Positive change in the ordinate repre-
sents glacial advance. Tidewater-calving glaciers are written in red,
while freshwater-calving in blue.
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2. Data and Methods

We used satellite images of the Landsat 7 Enhanced
Thematic Mapper Plus (ETM+), level 1 T, with 15m
resolution, and used the Landsat 4 and 5 Thematic
Mapper (TM), level 1 T, with 30m resolution
distributed by the United States Geological Survey
(Table 1). For ETM+ data after 31 May 2003, failure of
the scan-line corrector (SLC) resulted in null strips;
however, the geometric quality of the data, when
properly masked, is as good as the pre-SLC failure
data [Howat et al., 2010]. The unavailability of some
images limits our observational record to the years
1984–1986 and 1999–2011.

2.1. Glacier Front Position

We used ETM+ and TM images from 1984 to 2011
to map the glaciers’ front positions. In each image,
the glacier calving front was manually delineated
using the ESRI ArcMap geographic information
system software. The mean retreat distance was
obtained by dividing the areal change between
two successive images by the width of the calving
front [Moon and Joughin, 2008]. The main sources
of uncertainty in this measurement are the errors
in manual delineation and coregistration of the
images. The coregistration error in the repeat
Landsat images was ±89m, based on the
horizontal displacement of off-ice surface features.
This error was computed by taking one image
pixel size as the delineation error [Paul et al.,
2013], with the total error estimated as 90 and
93m for ETM+ and TM images, respectively.

2.2. Ice Speed

We measured ice speeds by calculating the offset of
visible surface features between repeat images
[Scambos et al., 1992]. The method involved 383 pairs
of TM and/or ETM+ images with temporal separations
of 16–192days. To determine the offset, we used

the normalized cross correlation of spatial variations in image intensity because this method performs the best
on narrow glaciers with good visual contrast [Heid and Kääb, 2012], which are the type of glacier studied here.
For post-SLC failure images, the offset was calculated using the “null exclusion” scheme developed by Ahn
and Howat [2011]. To improve the resolution of the speed measurement, we applied bicubic interpolation to a
cross-correlation surface on 1/8 pixel size mesh-grid points. This mesh size and the interpolation method are
recommended in Debella-Gilo and Kääb [2011]. After the computations, all displacement vectors based outside
glaciered areas were removed using digital glacier outlines from Global Land Ice Measurements from Space
(GLIMS) [Bishop et al., 2004; Kargel et al., 2005; Raup et al., 2007]. The remaining vectors were filtered using a
median low-pass filter. Vectors were removed if they deviated by more than 30° or 150ma�1 from a median
vector that was computed within either the 5×5 or 3×3 grid areas [Heid and Kääb, 2012; Kääb et al., 2005]. To
eliminate any remaining false vectors, we used the median values of the displacement fields [Howat et al., 2010].

Possible errors in such a feature-tracking method include (1) ambiguities in the cross-correlation peak, (2)
coregistration errors, and (3) false correlations [Howat et al., 2010]. Errors caused by (1) and (2) were estimated
from the root-mean-square horizontal displacement of off-ice surface areas, where the displacement should
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Figure 2. Changes in the glacial front positions from 1984 to
2011 (advance is positive). Tidewater-calving glaciers are
written in red, while freshwater calving in blue. Background
is a mosaic Landsat 7 ETM+ image acquired in 2001. The
white color indicates snow, ice, or cloud-covered regions.
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be zero. We excluded displacements exceeding twice the pixel size, as they must have been due to a false
correlation. The mean displacement vector was then subtracted from the computed ice flow vector to obtain
the bias of the image pairs. The error evaluation and bias adjustment were performed for all image pairs used
for the ice speed measurement. Errors caused by (3) were minimized by applying the filters described above.
The sum of the errors (1)–(3) computed for each image pair ranges between ±19 and ±300ma�1, depending
on image quality and temporal separation. Gaps in the ice speed data are due to poor coherence between
image pairs in snow-covered accumulation areas and in the heavily crevassed terminus region.

The above speed data agree with field data obtained using the Global Positioning System (GPS) for Perito
Moreno and with a previous satellite study for Upsala. In particular, for 26 February 2010 to 2 March 2011,
Sugiyama et al. [2011] measured a GPS ice speed 4.7 km from the front of Perito Moreno at 1.43md�1,
whereas our remote sensing method gives 1.3 ± 0.14md�1 for 16 May to 19 July 2010 and 1.4 ± 0.19md�1

for 27 February to 24 April 2005. Also, near the calving front of Upsala, Floricioiu et al. [2008] found (using
feature tracking with synthetic aperture radar) a speed of 7md�1 in October 2008. In good agreement, we
find at 6 km from the calving front a speed of 6.6md�1 in August 2008.

3. Results
3.1. Glacier Front Position

Among the 31 ice fronts studied, only the two termini of Pío XI advanced between 1984 and 2011. Of the other 29,
12 changed less than ±0.5 km and 17 retreated by more than 0.5 km (Figure 1). The results show a large variation

Table 2. Rate of Change in the Frontal Positions (D)a

Glacier 1984/1985/1986–2000 (m a�1) 2000–2010/2011 (m a�1)

Amalia �15 ± 8 1 ± 26d

Asia �49 ± 8 8 ± 26d

Bernardo �38 ± 8 �74 ± 13
Calvo 8 ± 9b �2 ± 13
Chico �32 ± 8 �33 ± 13
Europa �1 ± 8 0 ± 13
Greve E �34 ± 8 �177 ± 13
Greve W �214 ± 8 �76 ± 13
Grey �84 ± 8 �32 ± 13
Guilardi �12 ± 8 �16 ± 13
HPS12 �296 ± 8 �372 ± 13
HPS13 10 ± 8 7 ± 13
HPS15 6 ± 8 1 ± 13
HPS19 5 ± 8 2 ± 13
HPS31 1 ± 8 1 ± 13
HPS34 �9 ± 8 �7 ± 13
Jorge Montt �541 ± 8 �240 ± 13
Lucia �126 ± 8 �79 ± 13
Occidental �61 ± 9c �268 ± 13
Ofhidro N �34 ± 8 �74 ± 13
Ofhidro S �97 ± 8 �100 ± 26d

O’Higgins �36 ± 8 �17 ± 13
Penguin 5 ± 8 16 ± 13
Perito Moreno �11 ± 8 5 ± 13
Pío XI N 44 ± 8 19 ± 13
Pío XI S 7 ± 8 97 ± 13
Spegazzini �2 ± 8 �2 ± 13
Tempano �55 ± 8 �41 ± 13
Tyndall �80 ± 9b �135 ± 13
Upsala �270 ± 8 �274 ± 13
Viedma �30 ± 8 �41 ± 13
Mean �66 ± 1.5 �61 ± 3

aPositive values indicate glacier advance.
bRates between 1985 and 2000.
cRates between 1986 and 2000.
dRates between 2000 and 2005.
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in the magnitude of the retreat (Figure 2). Glaciar Jorge
Montt, HPS12, and Upsala retreated over 6 km, which
significantly exceeds the mean and median retreat
distances of 1.56 km and 0.71 km for all fronts.

Consider the rate of change (ma�1) of the front
positions (D) before and after 2000. Between 1984–
1986 and 2000, only the northern terminus of Pío XI
advanced, while 13 fronts changed little (|D|<
20ma�1) and 17 fronts substantially retreated
(D<�20ma�1) (Table 2). Glaciar Jorge Montt, Greve’s
western terminus, HPS12, and Upsala rapidly retreated
with rates exceeding 200ma�1. Later, between 2000
and 2010/2011, only Pío XI’s southern terminus
advanced, while 13 fronts showed only small changes
(|D|< 20ma�1) and 15 fronts retreated
(D<�20ma�1). Glaciar Jorge Montt, Occidental,
HPS12, and Upsala retreated at rates exceeding
200ma�1. Overall, the mean retreat rates were
similar during the two periods.

Jorge Montt, HPS12, Upsala, and Pío XI showed
significantly greater and more complex frontal
variations than the other glaciers (Figure 1). Although
Jorge Montt varied only slightly before 1987, it rapidly
retreated from 1987 to 1999 at a rate of 620ma�1. The
retreat gradually slowed down between 1998 and
2010, followed by another rapid retreat starting in
2010. The total retreat distance from 1984 to 2011 was
10.44 km (417ma�1). The retreat rate of HPS12 was
313ma�1 for 1984–2010 but increased in the last year
to 630ma�1. Upsala retreated at 90ma�1 between
May 2000 and January 2008 then suddenly increased
to 880ma�1 between January 2008 and May 2011. An
even greater rate of retreat (2000ma�1) occurred
between November 2010 and May 2011 [Sakakibara
et al., 2013]. Unlike the other glaciers, Pío XI
consistently advanced, for a total of 1.07 km from 1984
to 2011, except for short retreat episodes such as the
0.86 km retreat from 1999 to 2000. This glacier also has
a second calving front further north, which also
advanced but by a smaller amount.

3.2. Ice Speed

Figure 3 shows the distribution of mean ice speed
over the SPI obtained from Landsat TM and ETM+ image pairs in 2000–2011. The computed ice speed field
covers an area of 5461 km2, covering about 44% of the SPI, with an overall mean value of 820ma�1. Within
20 km of the termini, the ice speed ranged between 50± 40 and 5900 ± 200ma�1. In general, ocean-
terminating glaciers flow faster than lake-terminating glaciers. Most of the former are on the western side of
the ice field (e.g., Glaciar Jorge Montt, Pío XI, and Penguin), with a flow speed often exceeding 2000ma�1.
Lake-terminating glaciers flow at rates between 20 and 2940ma�1, except for Glaciar Upsala and O’Higgins,
which flow at speeds exceeding 3000ma�1 near the calving fronts.

The ice speed change was not uniform over the icefield (Figure 4). Between 1984–1986 and 2000, the ice
speed changed by less than ±100m a�1 over 63% of the measured area, whereas changes exceeding

50
100
200

500
1000
2000

5000

Ic
e 

sp
ee

d 
(m

 a
−

1 )

Jorge Montt

Penguin

Pio XI S

O’Higgins

Pio XI N

Upsala

74˚W 73˚W

51˚S

50˚S

49˚S

0 km 50 km

Figure 3. Ice speed distributions over the SPI in 2000–2011.
Background is a mosaic Landsat 7 ETM+ image acquired in
2001. The speed at each location equals the mean of all
measurements available within the period.

Journal of Geophysical Research: Earth Surface 10.1002/2014JF003148

SAKAKIBARA AND SUGIYAMA ©2014. American Geophysical Union. All Rights Reserved. 5



±1000ma�1 occurred over 1.1% of
the area. The large ice speed increase
occurred in both ocean- and lake-
terminating glaciers. Themean ice speed
over the studied area increased by
37ma�1 between 1984–1986 and 2000
and decreased by 57ma�1 between
2000 and 2011 (Table 3). The mean
speed increase during the first period
was primarily due to the large
acceleration observed in several glaciers,
such as Jorge Montt, HPS12, and Upsala
(Table 4). Excluding regionswith changes
exceeding ±200ma�1, the mean speed
change from 1984 to 2000 was 4ma�1,
and that from 2000 to 2011 was
�18ma�1 (�13ma�1 for 1984–2011).

Between 1986 and 2000, ice speeds
along the flowline of Jorge Montt
increased from 1190ma�1 to
4500ma�1 for ice near the front and
increased from 1380 to 2450ma�1 for
ice 30 km back from the 1984 calving
front (Figure 5a). After the increase,
the glacier gradually slowed down
until 2004. Then, in 2010, in the area
within 25 km of the 1984 front, the ice
speed increased by 550–630ma�1

and stayed at this level into 2011.

Between 1986 and 2000, the ice speed at
6km from the 1985 front of HPS12
increased from 580 to 1400ma�1, and
for ice within 10km of the front, it
increased from 370 to 420ma�1

(Figure 5b). The lowest ~10km further
accelerated in 2007, reaching amaximum
speed of ~2800ma�1 near the front.

Near the front of Upsala, the ice speed decelerated from 1870 to 1620ma�1 in 2000–2002, then it accelerated
from 1500 to 1850ma�1 in 2004–2007 (Figure 5c). When the glacier started to retreat in 2008, the speed
near the front suddenly increased from 1990 to 2400ma�1, reaching a peak speed of 3400ma�1 at the end
of 2010.

In contrast, in the lowest reaches of the southern terminus of Pío XI, the ice speed increased from 2290 to
3980ma�1 between 1986 and 2000, then gradually decreased with small fluctuations, reaching its lowest level
in 2008 (Figure 5d).
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Table 3. Ice Speed Change Over the Area (Δu)

Period (Year) Area (km2) Speed Change Δu (m a�1) Speed Change Excluding Pixels of |Δu|> ±200m a�1 (m a�1)

1984/1985/1986–2010/2011 931 �29.9 ± 0.7 �12.9 ± 0.8
1984/1985/1986–2000 1769 +36.3 ± 0.6 2.1 ± 0.6
2000–2010/2011 1126 �56.8 ± 0.5 �17.8 ± 0.6
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4. Discussion
4.1. General Trends in Frontal Variations and Ice Speed

Most of the calving glaciers in the SPI have been retreating over the last 27 years (Figure 1), in agreement with
aerial changes recently reported by Davies and Glasser [2012]. Aniya et al. [1997] reported that 65% of the SPI
glaciers had lost ice-covered area from 1944/1945 to 1985/1986. Thus, our results indicate that the retreating trend
has continued for more than 60years.

However, some glaciers had a frontal variation pattern that significantly changed after 1986. For instance, the
retreat rate of O’Higgins was the greatest in Patagonia for the period 1944–1986, but this glacier retreated at
a rate of only 36ma�1 from 1986 to 2000. Similarly, Glaciar Amalia retreated at a rate of 278ma�1 in
1945/1945–1985/1986 [Aniya et al., 1997], whereas the retreat rate from 1986 to 2000 was only 15ma�1.
Compared to these two glaciers, Jorge Montt and Upsala retreated faster during our study period. These
observations demonstrate that the glaciers in the SPI have been retreating in general, but their rates are
spatially and temporally nonuniform.

Changes in the frontal positions are associated with the observed ice speed variations near the terminus.
Figure 6 compares the magnitude of the frontal variation at each glacier and relative ice speed change.
Figure 6a illustrates a clear relationship between frontal retreat and glacier acceleration. However, this trend
arises from the outliers, the three glaciers with the largest retreat. If we exclude these rapidly changing
glaciers, the remaining calving glaciers in the SPI are generally decelerating over the study period (Table 3
and Figure 6b). Although glaciers that retreat less than 0.5 km have little change in relative speed (i.e., below

Table 4. Relative Changes in the Ice Speeda

1984/1985/1986–2010/2011 1984/1985/1986–2000 2000–2010/2011
Glacier (%) (%) (%)

Amalia NAc NAc 8 ± 6b

Asia �16 ± 5b NAc NAc

Bernardo �10 ± 4 �12 ± 4 8 ± 4
Calvo NAc NAc NAc

Chico �38 ± 4 �21 ± 4 �25 ± 5
Europa �18 ± 2b �5 ± 2 �11.3 ± 1.7b

Greve E 1 ± 4 �14 ± 3 22 ± 3
Greve W 21 ± 3 44 ± 3 �15.3 ± 1.8
Grey �3 ± 9b 27 ± 9 �44 ± 3
Guilardi �12 ± 15b �10 ± 18 1 ± 11b

HPS12 124 ± 12b 92 ± 10 19 ± 3b

HPS13 2 ± 8 �2 ± 2 5 ± 7
HPS15 �3 ± 7 �1 ± 12 �2 ± 6
HPS19 �9 ± 5 �8 ± 9 10 ± 15
HPS31 �12 ± 7b �5 ± 14 9 ± 13b

HPS34 9 ± 3b NAc NAc

Jorge Montt 163 ± 3 177 ± 2 4.1 ± 0.6
Lucia �2 ± 4 �1 ± 3 4 ± 6
Occidental �2 ± 5 1 ± 3 11 ± 5
Ofhidro N �6 ± 5 �9 ± 4 2 ± 4
Ofhidro S �12 ± 4 �7 ± 4 �4 ± 4
O’Higgins �30.5 ± 0.9 �22.2 ± 0.8 �9.8 ± 1.0
Penguin �8 ± 4 0.6 ± 1.6 �8 ± 3
Perito Moreno �7 ± 2 �2.3 ± 1.9 �31 ± 0.9
Pío XI N �33.1 ± 0.8 �2.9 ± 0.8 �3 ± 3
Pío XI S �41.4 ± 0.7 34.5 ± 0.7 �57.5 ± 0.4
Spegazzini NAc NAc 20 ± 40
Tempano �13.6 ± 1.9 �8.5 ± 1.9 �7.4 ± 1.7
Tyndall �11 ± 7 �20 ± 11 �7 ± 5
Upsala 310 ± 60 120 ± 20 66 ± 2
Viedma �4 ± 2 3 ± 3 �5.3 ± 1.4
Mean 12 ± 2 13.4 ± 1.5 �0.5 ± 1.8

aEach value represents the mean changes along the centerline, within 20 km of the front. Positive values indicate acceleration.
bChanges between 1984/1985/1986–2005 and 2000–2005, respectively.
cNA indicates no data available.
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15%), glaciers that retreat more than 0.5 km show a decrease in speed (Figure 6b and Table 4). Most of the
freshwater calving glaciers fall into this latter category, thus largely driving the generally decelerating trend in
the SPI.

4.2. Role of the Climate in the SPI Glacier Retreat

A likely driver of the retreat trend lasting for more than 60 years is the warming climate as suggested by
Rignot et al. [2003]. According to meteorological stations south of 46°S, the climate here has warmed 0.4–1.4°
C since the beginning of the last century [Rosenblüth et al., 1995]. This warming trend increases in higher
latitudes, especially in the eastern side of the Andes. Ibarzabal y Donangelo et al. [1996] found a warming by
0.3°C in the period 1940–1990 at the weather station in El Calafate (50°30′S). Reanalysis data at 50°S 75°W also
show a warming of 0.5°C at 850 hPa between 1960 and 1999 [Rasmussen et al., 2007]. As a result of this 0.5°C
warming, themelt rate in the ablation areas of the Patagonia icefields has increased an estimated 0.5mwater
equivalent [Rasmussen et al., 2007].

The mass balance of Patagonian glaciers is characterized by an extraordinary amount of snowfall in the
accumulation area [e.g., Schwikowski et al., 2013; Shiraiwa et al., 2002]. Although data from meteorological
stations between 51 and 53°S indicate little variation from 1950 to 2000 [Aravena and Luckman, 2009],
reanalysis data in the Patagonian icefields show that solid precipitation has decreased about 5% from 1960 to
1999 [Rasmussen et al., 2007]. This decrease can be explained by a shift of some precipitation from snow
to rain under the rising temperatures. Such an influence of warming on precipitation may play an important
role in the future mass balance of Patagonian icefields, as suggested by a recent modeling study [Schaefer
et al., 2013]. Lacking any significant change in accumulation here, the long-term retreat trend is most
likely due to an increase in melting arising from the warming climate.

4.3. Acceleration Associated With Rapid Glacier Retreat

In most cases, the observed warming trend can explain the retreat of the glaciers of the SPI. However, the
exceptionally rapid retreat of Jorge Montt, HPS12, and Upsala requires additional interpretation. Their retreat
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Figure 5. Ice speed along the flowline and its temporal variations at (a) Jorge Montt, (b) HPS12, (c) Upsala, and (d) the
southern terminus of Pío XI. (See Figure S1 in the supporting information for similar plots for all other glaciers.)
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rates exceeded 200ma�1 and sometimes
reached 500ma�1. As the rapid retreats
of these three glaciers may be driven by
ice speed changes, we examine their ice
speed changes.

We focus on recent ice speed changes of
the rapid-retreating glaciers at two
locations on the flowline and compare to
the advancing cases (Figure 7). These plots
demonstrate close connections between
rapid retreat and ice flow acceleration. At
14 km from the front of Jorge Montt, the
speed decreased from 2250 to 1510ma�1

between 2000 and 2003 (Figures 7a and
8b). After this deceleration, the speed
stayed constant until it sharply increased
from 1430 to 2150ma�1 in 2010
(Figure 8c). This acceleration coincides with
a rapid terminus retreat. Similar decadal
and seasonal speed changes are also
observed 20 km from the front. In addition
to these decadal-scale speed changes,
clear seasonal variations are observed
between 2003 and 2007. Maximum and
minimum speeds occurred in early and late
summer, and the magnitude of the
seasonal variations was about 500ma�1.
For other periods, we do not have enough
data to analyze the seasonal changes.

At HPS12, the ice speed 8 km from the
1984 front was 940ma�1 in 2000
(Figures 7b and 8e). This speed gradually

increased until 2005 with fluctuations, but stayed within 750–1160ma�1. Then, the glacier further
accelerated, reaching a speed of 2600m a�1 in 2008 (Figure 8f). The glacier progressively retreated from
2001 to 2008 at a nearly constant rate, followed by a rapid retreat that began in 2008. In contrast to the
speed variations observed near the front, the speed at 12 km from the front was insensitive to the
frontal variations.

At 8 km from the 1984 front of Upsala, the ice speed was 1830ma�1 in 2000, decreasing to 1600ma�1 until
2002 (Figure 7c). Then, the glacier gradually accelerated from 2002 to 2008 (Figure 8h), followed by a rapid
acceleration from 1970ma�1 to 3400ma�1 over the next 2 years (Figure 8i). This acceleration in 2008
coincides with the onset of a rapid retreat. The speed variation upglacier (14 km from the 1984 front) was
similar but of smaller magnitude.

These observations strongly suggest important roles of glacier dynamics in the abrupt changes of the three
calving glaciers. The rapid retreats were often accompanied by acceleration, and the timing of acceleration
closely agrees with the rapid retreat, particularly at Jorge Montt in 2010 and at Upsala in 2008 (Figures 7a and
7c). The magnitude of the speedup was greater near the front, increasing the stretching flow regime in the
lower reaches (Figures 5a and 5c).

In Greenland, a similar acceleration of flow also occurred with rapidly retreating calving glaciers. There, the rapid
retreats are associated with accelerations and increasing longitudinal tensile strain rates in the lower reaches,
which are thought to result from a reduction in the resistive stress occurring at each terminus [Howat et al.,
2007]. Such changes in the stress regime are caused by ice detachment from both the bed and the fjord walls
after thinning and by the front retreat. For example, Greenland’s Helheim Glacier retreated by 2.1 km from 2001
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to 2002, which increased by 20% the mean effective driving stress within 12.5 km of the front [Howat et al., 2005].
This increase in stress was proposed as the driving process of the simultaneous 45–60% ice speed increase. The
calving flux increaseswhen a glacier accelerates, which leads to thinning and subsequent retreat [Howat et al., 2005;
Joughin et al., 2004]. Moreover, thinning near the terminus steepens the ice surface, which causes further
acceleration there, as well as acceleration upglacier. We argue that the same type of dynamically controlled glacier
retreat also occurred at SPI with the three most rapidly retreating glaciers.

In 2008, Upsala suddenly went from a relatively stable phase to a rapidly retreating, fast-flowing phase. The
transition cannot be due to a climatic forcing because no noticeable change was observed in air temperature at
a nearby weather station [Sakakibara et al., 2013]. According to previous studies of this glacier, the spatial
pattern of bedrock topography controls the changes in its retreat rate and ice speed [Naruse and Skvarca, 2000;
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Figure 7. Ice speed and front position for selected glaciers. (a) Ice speeds at 14 and 20 km from the front of Jorge Montt. (b) At 8 and 12 km from the front of HPS12.
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information for similar plots for all other glaciers.)
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Skvarca et al., 2002]. Numerical modeling of calving glaciers shows that a transition takes place when the front
retreats over a bedrock rise into deeper water [Nick et al., 2009; Vieli et al., 2002]. The rapid retreat and ice
speed increase of Jorge Montt after 2010 were also attributed to the seabed geometry [Rivera et al.,
2012a]. Thus, it is suggested that the underlying glacier bed topography plays a key role in the rapid
changes of both freshwater and tidewater calving glaciers in the SPI.
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The geometrically controlled rapid glacier changes are similar to those observed during the retreat phase of
the tidewater glacier cycle, originally proposed for Alaskan glaciers [Meier and Post, 1987; Post et al., 2011].
This cycle consists of a long, relatively stable phase, then a short period of large retreat and dynamic
instability [Meier and Post, 1987]. JorgeMontt and Upsala likely went into such a retreating phase in the 1980s,
superimposed on a longer-term retreating pattern initially driven by climate change.

Between 2000 and 2012, rapid thinning at rates exceeding 20ma�1 were observed in Jorge Montt, HPS12,
and Upsala [Willis et al., 2012]. These rates significantly exceed the SPI mean thinning rate of 1.8 ± 0.1m a�1

[Willis et al., 2012]. During the same period, these three glaciers accelerated in the terminus areas where large
thinning rates were reported. Such a speedup near the terminus should have increased the stretching ice
flow. For example, near the calving front of Upsala, the longitudinal tensile strain rate increased by 80% after
the rapid retreat in 2008 [Sakakibara et al., 2013]. Presumably, dynamical thinning associated with flow
acceleration plays an important role in the mass loss of the SPI. The ice mass loss from Upsala from 2000 to
2012 corresponds to 15% of the total loss from the SPI [Willis et al., 2012]. Given that flow acceleration is the
primary driver of the rapid retreat of these glaciers, the increase in their ice discharge must account for much
of the ice mass loss of the SPI over the last several decades.

4.4. Advance of Glaciar Pío XI

Pío XI, the largest glacier in South America, is the only glacier that advanced during the studied period. Its
southern terminus began advancing in 2000, its northern terminus in 2006 (Figure 1, Figures 7d and 7e, and
Figures 8k and 8l). According to Rivera et al. [1997], this glacier advanced 4 times during the twentieth
century (1926–1928, 1945–1951, 1976–1981, and 1992–1994).

The ice speed of both branches of Pío XI showed large, complex variations. In the southern branch, the
glacier rapidly slowed down between 2000 and 2004, as shown by the deceleration from 4010 to
590m a�1 at 5 km from the front (Figures 7d and 8k). The speed increased to 2500m a�1 in 2005 but later
decreased again to 630m a�1 by the end of 2008 (Figure 8l). The southern terminus progressively
advanced during these periods.

The northern branch’s ice speed changes were different (Figure 7e). During the retreat of the northern
terminus before 2006, the ice speed increased 3 km from the front but decreased 8 km from the front, as
observed in the southern terminus (Figure 7d). Presumably, the speed in the upper reaches was influenced by
the dynamics of the southern branch, as the sampling site is close to the confluence area (Figure 8j). After the
glacier began to advance in 2006, the speed decreased at both locations. Seasonal speed variations were
recognized in the northern branch, where the annual peak speed occurs in early summer.

Rivera et al. [1997] suggested that an advance of Pío XI is the glacier’s response to a positive precipitation
anomaly. That is, the front position is controlled by decadal variations in snowfall over a large accumulation
area with a delay time of 10–25 years. The complex frontal and ice speed variations of Pío XI are probably due
to mass balance fluctuations in its large accumulation area and also to complex glacier geometry and bed
conditions near the calving fronts.

5. Conclusions

We used Landsat satellite images from 1984 to 2011 to measure the frontal positions and ice speeds of 28
calving glaciers in the SPI. The results were used to analyze their frontal variations and to generate ice speed
maps covering approximately half of the entire ice field.

Among all 28 glaciers, 1 advanced, 12 were stable (±0.5 km), and 17 retreated by more than 0.5 km over the
study period. On average, the glaciers retreated by 1.56 km from the mid-1980s to 2000, and this trend
continued until 2011. Three glaciers (Jorge Montt, HPS12, and Upsala) have shown extraordinary large retreat
(>6 km) from 1984 to 2011. Near the calving front, the ice speed varied between 50 and 5900ma�1, and the
speed generally decreased over the second half of the study period. Excluding regions with a speed change
exceeding ±200ma�1, the mean speed over the measured area slightly increased (4m a�1) from 1984 to
2000 and then decreased (�18ma�1) from 2000 to 2011.

Except for Pío XI, the glaciers fall into one of three categories: stable front position without significant ice
speed change, gradual retreat with deceleration, and rapid retreat with large acceleration. The overall retreat
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trend was probably due to the long-term warming trend. Nevertheless, our data demonstrated that the
extraordinary large retreats in the three glaciers were not directly controlled by the warming trend but
instead driven by glacier dynamics. Such dynamically controlled rapid recession of several calving glaciers
plays a key role in the recent volume decrease of the SPI.
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