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a b s t r a c t
We use a satellite-based survey of glacier surface elevation changes, speeds and surface melt conditions between 2000 and 2011 to quantify mass loss from the Northern Patagonian Iceﬁeld (NPI), Chile. A history of ice
elevation change is found by differencing ASTER Digital Elevation Models (DEMs) relative to a void-ﬁlled version of the DEM collected by the Shuttle Radar Topography Mission (SRTM) in February 2000. Thinning rates
have accelerated at lower elevations, while above the Equilibrium Line Altitude (ELA) recent thinning rates
are not signiﬁcantly different from those observed in previous studies. A volumetric change of − 4.06
± 0.11 km3/yr is found by summing surface elevation changes over all glaciers in the NPI. This is regarded
as a lower bound because volume loss due to frontal retreat and sub-aqueous melting is not included. This
volume change is converted to a mass loss of 3.40 ± 0.07 Gt/yr, taking into account density differences
above and below the equilibrium line. We ﬁnd that the NPI is providing at least 0.009 ± 0.0002 mm/yr to ongoing sea level change, in agreement with previous estimates.
Sub-pixel offset tracking of ASTER image pairs is used to produce glacier displacements over intervals typically ranging from 6 days to 18 months. The ﬁrst whole iceﬁeld composite velocity map is presented. The terminus of the San Rafael Glacier, on the western side of the NPI sustained a peak calving front speed of 19.7
± 1.2 m/day for 7 days in the austral fall of 2007. Passive microwave observations indicate that the surface
of the accumulation basin of the glacier was wet during this period of rapid motion, suggesting that the
fast speed may be a consequence of a rise in sub-glacial water pressure, sourced from melt or rainwater making its way to the glacier bed and reducing basal friction. Several other outlet glaciers, including the Benito
and HPN1 glaciers, on the isolated western side of the iceﬁeld accelerated while thinning between 2007
and 2011. Marked acceleration also occurred after 2007 at the front of the San Quintin Glacier, the largest
outlet glacier of the NPI.
The paucity of thickness measurements at the outlet glaciers means it is impossible to accurately gauge the
mass ﬂux of the iceﬁeld and thus give a full estimate of the mass balance.
© 2011 Elsevier Inc. All rights reserved.

1. Introduction
Recent investigations ﬁnd that the Northern Patagonia Iceﬁeld (NPI)
in Chile [Fig. 1] has been losing volume over decadal, and longer timescales (Glasser et al., 2011; Ivins et al., 2011; Rignot et al., 1996a,
1996b, 2003; Rivera et al., 2007). Rignot et al. (2003) calculated the volume loss of the iceﬁeld by differencing the Shuttle Radar Topography
Mission (SRTM) digital elevation model (DEM) with a DEM derived
from earlier photogrammetry. They found a rate of loss of −3.2 ±
0.4 km3/yr between 1975 and 2000. Rivera et al. (2007) found a more
rapid rate of −5.7 km3/yr between 1979 and 2001 by differencing the
cartographically derived DEM with DEMs available from the Advanced
Spaceborne Thermal Emission and Reﬂection Radiometer (ASTER)
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instrument mounted on the NASA Terra satellite (Yamaguchi et al.,
2001). Their work indicates that the NPI contributed up to
~0.013 mm/yr to global sea-level rise during that time (Rivera et al.,
2007). This contribution is about an order of magnitude faster than
the rate of 0.0018 mm/yr calculated for the time period from the Little
Ice Age in 1870 to present (Glasser et al., 2011).
The 3593 km 2 iceﬁeld (Rivera et al., 2007) is sustained by nearconstant moisture-laden westerly winds that originate from over
the Paciﬁc Ocean (Carrasco et al., 2002). These winds collide with
the western slopes of the Andes mountains (Lopez et al., 2010) that
bisect the iceﬁeld, and produce an estimated average snowfall of
6.7 m/yr with little variation between the seasons (Escobar et al.,
1992). The heavy orographic precipitation sustains the temperate iceﬁeld even though the average air temperature is above freezing for at
least six months of the year for large areas of the iceﬁeld (Escobar
et al., 1992); the 0 °C isotherm is at about 2000 m elevation in the
summer-time, dropping in altitude to about 900 m in winter time
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This work examines a new time-series of surface elevation
changes and ice velocities produced for the entire iceﬁeld for the period between 2000 and 2011. The aim is to ascertain whether surface
elevation change rates and glacier speeds have accelerated. Remote
sensing is well-suited to the study of the dynamics of the NPI because
the rugged terrain, inaccessibility, and legendary poor weather of the
region has resulted in relatively few ﬁeld-based studies on the iceﬁeld (e.g. Aniya, 1988, 2007; Casassa, 1987; Enomoto & Abe, 1983;
Harrison & Winchester, 1998; Kondo & Yamada, 1988; Koppes et al.,
2011; Matsuoka & Naruse, 1999; Naruse, 1985; Warren & Sugden,
1993; Winchester & Harrison, 1996; Yamada, 1987; Yamaguchi et al.,
2003) compared to other large ice masses on the planet. ASTER
provides DEMs that we stack with the SRTM DEM to produce a
time-series of surface elevation change over the iceﬁeld. Subpixel correlations from pairs of optical imagery are used to produce velocity maps for the outlet glaciers of the ice ﬁeld. The
speeds and surface elevation changes are compared to passive microwave measurements of melting and refreezing from the same
intervals to provide clues to the origin of any changes. This is
the ﬁrst time a velocity ﬁeld has been published for the entire
NPI. Our measurements serve as a benchmark against which future observations can be compared.
2. Data and methods
In the following section we present our three different methodologies for exploiting the remote sensing data to produce elevation
changes through time, outlet glacier speeds through time and temporally varying ice ﬁeld surface conditions, including melt duration and
intensity.
2.1. Elevation changes from DEM differencing

Fig. 1. Surface elevation of the Northern Patagonia Iceﬁeld, Chile. Contour intervals are
500 m. Glacier names from Rivera et al. (2007). Numbered glaciers correspond to
names in Table 1. Glaciers on the western side of the iceﬁeld have low altitude ablation
areas and often terminate near sea level. The highest mountain in Patagonia, Mont
Saint Valentin is located within the northern part of the iceﬁeld. Elevation data is
from the Shuttle Radar Topography Mission Digital Elevation Model collected in February 2000. Glacier outlines are from the Global Land Ice Measurements from Space dataset (GLIMS), available through the US National Snow and Ice Data Center (Rivera,
2005). Inset location map background from NASA's Earth Observatory.

(Barcaza et al., 2009; Matsuoka & Naruse, 1999). Because a large fraction of the NPI is at near-freezing temperatures, the iceﬁeld should be
sensitive to even small increases in air temperature in the region
(Barcaza et al., 2009; Kerr & Sugden, 1994; Matsuoka & Naruse,
1999; Rosenblüth et al., 1995; 1997) as both the amount of available
meltwater in the glacial system and the ablation area of the NPI
would increase. Examination of the National Centers for Environmental Prediction (NCEP) weather reanalysis data indicates that although
the amount of precipitation that fell on the iceﬁeld was relatively constant between 1960 and 2005, the amount that fell as snow decreased
by approximately 28% (Koppes et al., 2011; Rasmussen et al., 2007).
About 20% of the accumulation area of the iceﬁeld feeds the San
Rafael Glacier, the lowest latitude tidewater glacier on the planet.
Peak ﬂow rates at the calving front are typically 17 m/day (Naruse,
1985; Rignot et al., 1996a,b) making it one of the fastest glaciers in
the world. The San Rafael is the only tidewater outlet glacier of the
iceﬁeld, over half of the remaining outlet glaciers terminate in lakes,
while the others terminate on land (Rivera et al., 2007). This variety
of terminal types and dynamic regimes complicates calculations of
the mass balance of the iceﬁeld as calving effects, submarine and
sub-aqueous melting are often neglected during mass and volume
change studies.

The SRTM DEM, acquired using radar interferometry over 11 days
in February (late summer) 2000 (Farr et al., 2007), is used as a reference surface from which we subtract ASTER DEMs. Veriﬁcation studies show the C-band radar data (λ = 5.6 cm) is typically accurate to ±
10 m in the vertical in areas of high relief (Brown et al., 2005; Falorni
et al., 2005; Smith & Sandwell, 2003; Sun et al., 2003), but relative
measurements are accurate to ±5.5 m (90% circular error probability) even in the steep areas of the Andes (Farr et al., 2007). The horizontal accuracy is approximately ±20 m (Kääb, 2005; Rabus et al.,
2003), which is sub-pixel when using 90 m posting.
The short wavelength of the radar did not penetrate deep in to the
surface of the iceﬁeld during acquisition due to wet surface conditions at the time of the survey (Rignot et al., 2001). Experiments on
the Southern Patagonian Iceﬁeld have veriﬁed that SRTM is accurate
to within 3 to 4.5 m in the vertical on the glaciers there (Rignot et
al., 2003). The uncertainty on the SRTM DEM is set to ±5 m in the
vertical in this work.
Less than 0.1% of the DEM has data gaps (voids) that are due to
radar layover or from loss of coherence over vegetation. These small
gaps are visible in the level-3 “ﬁlled and ﬁnished” void-ﬁlled version
of the DEM that we use, but do not affect the outcome of the project.
The DEM has been resampled from 3 arc-seconds posting to 90 m
posting and put into the UTM projection by the Global Land Cover Facility at the University of Maryland, USA. Details of this product can be
found at: http://www.landcover.org/data/srtm/description.shtml.
2.1.1. Horizontal registration
Nadir pointing ASTER band-3N (λ = 0.76–0.86 μm, visible/near
infra-red) 15 m resolution images are collected in stereo with ASTERs
backward pointing telescope (band-3B) in order to generate DEMs
(Fujisada et al., 2005). These are produced on-demand by the Land Processes Distributed Active Archive Center (LPDAAC: https://lpdaac.usgs.
gov/). Each Level-14, band-3N image comes orthorectiﬁed and
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registered to the simultaneously collected ASTER DEM, removing distortions caused by topography. The ASTER DEMs have 30 m pixels and
a vertical precision of approximately ±7–15 m in rough terrain (Kääb,
2005; San & Süzen, 2005). For the textured low-slope glacier surfaces
below the Equilibrium Line Altitude (ELA) the relative elevations from
the ASTER DEMs should be accurate to ± 7–10 m (e.g. Howat et
al., 2008a). Details of the level-14 processing, imagery and DEMs
can be found at: http://asterweb.jpl.nasa.gov/content/03_data/
01_Data_Products/release_DEM_relative.htm.
NASA's open source Automated Registration and Orthorectiﬁcation Package (AROP) (Gao et al., 2009) is used to automatically horizontally co-register the ASTER DEMs to the SRTM DEM with subpixel precision in order to remove errors that can occur when
slopes are misaligned (e.g. Kääb, 2005). The AROP uses crosscorrelation to automatically select at least two hundred tie-points
between a working copy of the band-3N image and a 14.25 m resolution pan-sharpened band-8 Landsat image, that has been previously orthorectiﬁed and registered to the SRTM as part of the
Global Land Survey (Tucker et al., 2004). The Landsat image is
geo-located to an absolute accuracy of “better than 50 m” (Tucker
et al., 2004). Both the Landsat imagery and the SRTM data are available from the Global Land Cover Facility at the University of Maryland
(http://ftp.glcf.umd.edu/index.shtml).
The AROP uses the tie-points between ASTER and Landsat images
to guide a solid body translation and rotation of the copy of the ASTER
band-3N image in order to co-register it with sub-pixel precision to
the Landsat image. If the root-mean-squared error for the tie-points
is more than 0.75 pixels (11.25 m) after co-registration, the AROP
removes the worst ﬁtting tie-points and attempts the coregistration again in an iterative process. The AROP stores the transformation parameters (re-projection, translation, rotation and registration) and applies them to the original ASTER band-3N image in
one step. It further applies the transformations to the associated
ASTER 30 m DEM. As the ASTER DEM is registered to the ASTER visible image; the ASTER visible image is co-registered to the LANDSAT
image; the LANDSAT image is already co-registered to the SRTM; so
the ASTER DEM is co-registered to the SRTM. Finally, the coregistered 30 m ASTER DEM is sampled to the 90 m resolution and
posting of the SRTM DEM using bi-cubic convolution. Gao et al.
(2009) provide links to the source code for the AROP package and examples of usage and veriﬁcation of the methodology.
The ﬁnal result is that horizontal features on the ASTER DEM are
precisely matched to those on the SRTM at a sub-pixel level. The
use of the AROP minimizes the misalignment of slopes that can be a
major source of error in DEM differencing (Howat et al., 2008b;
Scherler et al., 2008). An example of the effect of this procedure is
given in Supplementary Fig. 1. If the procedure fails, due to excessive
cloudiness in one of the images for example, distinctive patterns associated with slopes and aspect show up in the resulting map of elevation differences, and the ASTER DEM is discarded. The automatic DEM
generation by LPDAAC and the co-registration procedure with the
AROP allows the 55 ASTER DEMs used here to be quickly coregistered and compared using an identical methodology.
The ﬁnal result is that horizontal features on the ASTER DEM are
precisely matched to those on the SRTM at a sub-pixel level. The
use of the AROP minimizes the misalignment of slopes that can be
a major source of error in DEM differencing (Howat et al., 2008b;
Scherler et al., 2008). An example of the effect of this procedure is
given in Supplementary Fig. 1. If the procedure fails, due to excessive cloudiness in one of the images for example, distinctive patterns associated with slopes and aspect show up in the resulting
map of elevation differences, and the ASTER DEM is discarded.
The automatic DEM generation by LPDAAC and the co-registration
procedure with the AROP allows the 55 ASTER DEMs used here to
be quickly co-registered and compared using an identical
methodology.

2.1.2. Vertical registration
After horizontal co-registration, the 90 m ASTER DEM must be automatically vertically co-registered to the SRTM DEM. This is necessary to correct for any long-wavelength errors in the ASTER DEMs
that result from their lack of ground control points during production,
orbital artifacts, clouds and other adverse atmospheric conditions
(e.g. Howat et al., 2008b). The combinations of these errors can be
characterized as a planar surface that can be removed by calculating
a best-ﬁt plane that minimizes the difference over bedrock between
the ASTER DEM and the SRTM DEM, then removing that bias from
the entire ASTER DEM. The elevation ﬁeld of each ASTER DEM is
clipped to reduce the effects of clouds, by removing all values above
4050 m, which is the peak elevation of Monte San Valentin, the highest mountain in Patagonia, which occupies the center of the NPI. We
note that the ASTER DEMs are often unreliable near sea-level, so all
elevations below 10 m above sea level are also removed. Clipping
masks that isolate bedrock are created from the Global Land Ice Measurements from Space (GLIMS) NPI glacier outlines from 2001, provided by the US National Snow and Ice Data Center (Rivera, 2005)
and available from http://www.nsidc.org/glims/. Clipping is performed using the open source Generic Mapping Tools (Wessel &
Smith, 1998).
SRTM bedrock elevations are subtracted from the ASTER DEM
bedrock elevations, and pixels with absolute differences of more
than 100 m (assumed to be caused by DEM errors and clouds) are discarded. The mean and standard deviation of the remaining residual
differences are calculated. Pixels with values greater than two standard deviations from the median are discarded, in an effort to further
correct for clouds. An initial planar trend in the residuals is calculated
using least-squares and removed from the ASTER bedrock elevations.
This procedure is iterated an arbitrary 10 times leading to convergence. The resulting trends are combined into a single plane, which
is then removed from the original ASTER DEM that includes all the
glacier ice. The average residual of the relative offset between the
bedrock on each individual ASTER DEM and the SRTM after this procedure is always less than 0.01 m. The average standard deviation
on the bedrock across all the differenced DEMs is 14.15 m. For each
ASTER DEM we assign a vertical uncertainty that is the sum of the average bias and the standard deviation on the difference between the
bedrock elevation on the ASTER DEM and the bedrock elevation on
the SRTM DEM. The uncertainty includes all errors from the previous
re-sampling and co-registration processes. The uncertainties inform
the weighting in our linear regression in the following step. Supplementary Fig. 1 shows the progression of horizontal and vertical registration and its effects on the relative differences between the ASTER
DEMs and the SRTM.
2.1.3. Surface elevation change
The previous steps result in stacked DEMs in identical horizontal
and vertical frames of reference. The ASTER acquisition times are
used to produce a time-series of elevation observations for each individual 90 m pixel within the boundary of the iceﬁeld, an example is
shown for a pixel near the front of the Benito Glacier in Supplemental
Fig. 2. As noted, the uncertainty on each individual elevation observation is conservatively deﬁned as the average plus the standard deviation on the offsets between the bedrock elevations on the
corresponding resampled ASTER DEM and the SRTM DEM. Elevations
for an individual pixel that are different by more than 50 m from the
median elevation for that pixel through time are eliminated to remove any residual DEM artifacts over ice caused by clouds or
shadows. If there are more than four elevation values separated by
at least seven years remaining after this initial test, a weighted
least-squares linear trend is calculated. Elevations are weighted
using the inverse of the uncertainty calculated from the bedrock differences, that is to say, elevation differences between an ASTER
DEM and the SRTM DEM that have higher standard deviations, have
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a lower weight. This returns a robust linear trend for each map point,
with the gradient of the trend being the rate of change of surface elevation. The rate of change of surface elevation between late-February
2000 (the date of the SRTM DEM) and the most recent useable ASTER
acquisition is presented in map form in Fig. 2. The one-sigma uncertainty on the rate of change of surface elevation is obtained for each individual pixel by calculating the model covariance matrix when performing
the weighted linear regression. A map showing the time-span of the imagery used to generate the rate of surface elevation change is available
as Supplementary Fig. 3. A second map showing the uncertainty on
the rate of elevation change at each pixel is available as Supplementary
Fig. 4.
We report the average rate of surface elevation change with associated 1-sigma uncertainty for the accumulation area and ablation
area of each individual glacier basin in Table 1. For volume calculations the uncertainties cannot be expected to sum constructively.

187

We therefore modify the method that Howat et al. (2008b) used to
spatially average their uncertainties when doing a similar study in
Greenland. They found the 95% conﬁdence level of uncertainty using
the equation 1:96σ pAﬃﬃnﬃ, where A is the area in question and n is the
number of pixels in that area. Instead of setting sigma to a constant
10 m value like Howat et al. (2008b) we use the individual sigma
values from each pixel multiplied by the size of the pixel and summed
across the area of interest to provide the equivalent of σA. Howat et
al. (2008b) assume that errors are uncorrelated over a 200 m length
scale. This assumption is investigated for the NPI using the methods
of Rolstad et al. (2009). We examine how the variance in the measurements changes over various length scales and ﬁnd they become
uncorrelated over bedrock at length scales between 630 m and
810 m, equivalent to 7–9 pixels. We choose the longer length scale
and therefore reduce the value of n in our calculation by a factor of
nine. This results in a volume change uncertainty of 0.11 km 3 for

Fig. 2. Average rates of surface elevation change between 2000 and 2011 for the Northern Patagonia Iceﬁeld, Chile. Rates are derived from differencing ASTER Digital Elevation
Models with the Shuttle Radar Topography Mission Digital Elevation Model collected in February 2000. Green lines show the 2002 equilibrium line altitude from Rivera et al.
(2007). Star marks location of pixel used to illustrate elevation change in supplemental image 2. All glaciers show thinning within their accumulation zones. Thinning is especially
prevalent in the southwest with the fastest rates occurring at the front of HPN1 and the Acodado Glaciers. Thickening is observed at high elevation on the windward side of many of
the mountains. Background image from SRTM shaded relief DEM. Glacier outlines are from the Global Land Ice Measurements from Space dataset (GLIMS), available through the US
National Snow and Ice Data Center (Rivera, 2005).
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Table 1
Average rates of elevation and volume change at the ablation and accumulation zones of Northern Patagonian Iceﬁeld glaciers. ELA and 1997–2001 rates from Rivera et al., 2007.
Areas from GLIMS (Rivera, 2005). Uncertainties on elevation changes are 1-sigma. Uncertainties on volume change are 95% conﬁdence interval level. Numbers in the name column
correspond to those in Fig. 2, where needed.
Name

Total
area

ELA

Ablation zone

km2

m asl km2

Area

Acodado Glacier
(HPN3 and
HPN2)
Andree Glacier [8]

268.7 1014

Arco Glacier
Bayo Glacier
Benito Glacier
Cachet Norte
Glacier [4]
Cachet Glacier [5]
Circo Glacier
Colonia Glacier
Cristal Glacier [2]
Exploradores Glacier
Fiero Glacier
Fraenkel Glacier
Grosse Glacier
Gualas Glacier
HPN-1 Glacier
HPN-4 Glacier
Hyades Glacier
Leones Glacier
Mocho Glacier [1]
Mormex Glacier
Nef Glacier
Pared Norte Glacier
Pared Sur Glacier
Pissis Glacier
Reichert Glacier
San Quintin Glacier
San Rafael Glacier
Soler Glacier
Steffen Glacier
Strindberg
Glacier [7]
Unnamed-2 Glacier
Unnamed-3 Glacier
Unnamed-4
Glacier [6]
Unnamed-5
Glacier [3]
Unnamed-6 Glacier
Unnamed-7 Glacier
Verde Glacier

25.9 1248
13.5 1206
161.2
908
10.1 1145

1997–2001 average 2001–2011 average 2001–2011
volume change
surface elevation
surface elevation
change
change

m/yr

− 0.28 ± 1.19

− 0.049 ± 0.025

− 2.41 ± 0.74

− 0.004 ± 0.002

− 0.34 ± 0.78

− 0.001 ± 0.003

3.9
7.9 − 1.3 ± 0.97
72.7 − 3.0 ± 0.97
3.5 − 1.5 ± 0.97

− 0.90 ± 1.33
− 0.94 ± 1.50
− 3.15 ± 0.96
− 1.49 ± 0.89

− 0.003 ± 0.004
− 0.007 ± 0.007
− 0.229 ± 0.013
− 0.005 ± 0.003

0.13 ± 1.07
− 0.41 ± 1.26
− 0.11 ± 1.17
− 1.14 ± 1.01

+ 0.003 ± 0.008
− 0.002 ± 0.005
− 0.010 ± 0.027
− 0.008 ± 0.004

− 2.2 ± 0.97

− 1.91 ± 0.92
+ 0.16 ± 1.43
− 2.15 ± 1.14
− 1.02 ± 1.06
− 1.47 ± 1.45
− 1.23 ± 1.11
− 2.38 ± 0.92
− 2.15 ± 1.43
− 3.03 ± 1.01
− 4.69 ± 0.95
− 2.01 ± 1.22
− 1.28 ± 1.00
− 0.86 ± 1.01
− 1.27 ± 1.04
− 1.58 ± 1.32
− 1.84 ± 0.96
− 2.35 ± 1.47
− 2.14 ± 1.36
− 2.26 ± 1.38
− 2.80 ± 1.24
− 2.29 ± 0.76
− 2.58 ± 0.70
− 1.60 ± 1.16
− 2.80 ± 1.40
− 2.05 ± 0.84

− 0.008 ± 0.003
0.000 ± 0.002
− 0.205 ± 0.018
− 0.001 ± 0.002
− 0.048 ± 0.013
− 0.016 ± 0.006
− 0.023 ± 0.005
− 0.066 ± 0.013
− 0.186 ± 0.013
− 0.342 ± 0.013
− 0.053 ± 0.010
− 0.002 ± 0.002
− 0.016 ± 0.007
− 0.001 ± 0.001
− 0.001 ± 0.002
− 0.087 ± 0.011
− 0.089 ± 0.014
− 0.036 ± 0.009
− 0.009 ± 0.004
− 0.092 ± 0.011
− 0.523 ± 0.018
− 0.267 ± 0.011
− 0.017 ± 0.006
− 0.496 ± 0.030
− 0.012 ± 0.003

33.2
1.7
192.4
4.0
53.5
28.2
21.3
34.8
65.6
80.1
38.9
6.3
47.8
4.4
1.7
79.6
42.5
15.0
8.6
38.3
561.2
617.7
39.1
250.7
11.1

− 0.34 ± 0.99
− 0.59 ± 1.63
− 0.06 ± 1.10
− 0.07 ± 1.05
− 0.15 ± 1.15
+ 0.13 ± 1.36
+ 0.25 ± 1.04
+ 0.06 ± 1.72
+ 0.17 ± 1.28
− 0.49 ± 1.11
+ 0.63 ± 1.27
− 1.63 ± 1.04
− 0.39 ± 1.04
− 0.39 ± 1.29
− 0.06 ± 1.69
+ 0.13 ± 0.98
− 0.47 ± 1.32
− 0.12 ± 1.60
− 1.05 ± 1.33
− 0.36 ± 1.38
− 0.28 ± 1.11
− 0.90 ± 1.15
− 0.28 ± 0.99
+ 0.25 ± 1.14
− 0.12 ± 0.91

− 0.011 ± 0.009
− 0.001 ± 0.003
− 0.012 ± 0.024
− 0.000 ± 0.003
− 0.008 ± 0.013
+ 0.004 ± 0.011
+ 0.005 ± 0.008
+ 0.002 ± 0.016
+ 0.011 ± 0.016
− 0.039 ± 0.016
+ 0.024 ± 0.013
− 0.010 ± 0.004
− 0.019 ± 0.011
− 0.002 ± 0.004
− 0.000 ± 0.004
+ 0.011 ± 0.014
− 0.020 ± 0.014
− 0.002 ± 0.010
− 0.009 ± 0.006
− 0.014 ± 0.014
− 0.158 ± 0.042
− 0.557 ± 0.045
− 0.011 ± 0.010
+ 0.063 ± 0.029
− 0.001 ± 0.005

11.2
13.7
7.9

+ 0.70 ± 1.64
− 0.73 ± 1.50
+ 0.15 ± 1.34

+ 0.008 ± 0.009
− 0.010 ± 0.009
+ 0.001 ± 0.006

1.8

− 3.56 ± 1.16

km2

− 0.332 ± 0.018 175.2

93.5 − 2.1 ± 0.97

km3/yr
95% C.L.

1997–2001 average 2001–2011 average 2001–2011
volume change
surface elevation
surface elevation
change
change
km3/yr
95% C.L.

m/yr

m/yr

Area

m/yr

6.1 1032

36.6
2.8
287.7
5.4
85.9
41.6
31.1
65.4
127.0
153.2
65.4
7.7
66.4
6.2
2.3
126.9
80.3
31.9
12.7
71.3
789.9
721.2
49.9
427.3
16.8

Accumulation zone

4.3
22.0
5.6 − 1.8 ± 0.97
88.5
6.6 − 1.1 ± 0.97

1303
1262
1302
1329
1187
1294
1032
1096
1087
959
1177
1268
1322
1148
1103
1183
1025
975
1065
1328
957
1013
1283
1074
1008

3.4
1.1
95.3
1.4
32.4
13.4
9.8
30.6
61.4
73.1
26.5
1.4
18.6
0.8
0.6
47.3
37.8
16.9
4.1
33.0
228.7
103.5
10.8
177.6
5.7

15.9 1136
17.8 1147
13.2 1351

4.7
4.1
5.3

− 1.06 ± 1.63
+ 0.28 ± 1.92
− 1.94 ± 1.43

− 0.005 ± 0.006
0.001 ± 0.006
− 0.010 ± 0.005

5.0 1113

1.8 − 1.7 ± 0.97

− 2.16 ± 0.88

− 0.004 ± 0.002

3.2 − 1.6 ± 0.97

− 1.35 ± 0.98

− 0.004 ± 0.003

10.6 1267
3.0 1064
7.1 1257

4.7 − 2.1 ± 0.97
0.6
2.5 − 1.3 ± 0.97

− 1.30 ± 1.09
+ 1.45 ± 1.41
− 1.64 ± 1.93

− 0.006 ± 0.004
+ 0.001 ± 0.002
− 0.004 ± 0.005

5.9 − 1.9 ± 0.97
2.4 − 2.3 ± 0.97
4.6

− 0.67 ± 1.37
− 0.11 ± 1.05
− 1.62 ± 1.39

− 0.004 ± 0.005
− 0.000 ± 0.003
− 0.007 ± 0.005

− 1.1 ± 0.97
− 1.7 ± 0.97
− 1.1 ± 0.97
− 1.9 ± 0.97
− 2.4 ± 0.97
− 1.1 ± 0.97
− 2.0 ± 0.97
− 4.0 ± 0.97
− 3.3 ± 0.97
− 1.2 ± 0.97
− 2.5 ± 0.97
− 1.9 ± 0.97

− 1.4 ± 0.97
− 1.7 ± 0.97
− 2.5 ± 0.97
− 1.5 ± 0.97
− 1.6 ± 0.97

the whole iceﬁeld, a value of about 3% of the volume change due to
surface elevation change, comparable to the precision of Howat et
al. (2008b).
Our “reference surface” for surface elevation change is “stable”
bedrock and our assumption is that the bedrock around the glaciers
is stationary and has no real vertical motion. We note that Dietrich
et al. (2009) found that the bedrock within the Southern Patagonian
Iceﬁeld is rising by as much as 0.035 m/yr due to glacial isostatic adjustment. This rate of bedrock uplift, if it is even applicable to the NPI,
is negligible compared to the magnitude of the observed ice thickness
change (on the order of meters per year) or the uncertainties in the
measurements.
2.2. Velocities from optical imagery
Pairs of optical band-3N images from the nadir-viewing ASTER
telescope are used to derive velocities using sub-pixel correlation on

− 1.3 ± 0.97

− 1.2 ± 0.97
− 3.5 ± 0.97
− 1.5 ± 0.97
− 2.1 ± 0.97
− 1.1 ± 0.97

− 2.0 ± 0.97

the glaciers of the NPI. This well-understood method for measuring
glacier velocities has been applied widely in glacierized environments
(Debella-Gilo & Kääb, 2011; Herman et al., 2011; Howat et al., 2008b;
Kääb, 2005; Kääb et al., 2005; Scambos et al., 2004, 1992; Scherler et
al., 2008; Stearns & Hamilton, 2005, 2007; Stearns et al., 2005). For
this study, we manually select radiometrically and geometrically corrected ASTER level-1B images that show at least some identiﬁable
glacier ice and bedrock amongst the clouds. These images are a scarce
resource as on average there are only about 22 cloud free days per
year over the iceﬁeld (Lopez et al., 2008). Image acquisitions separated by up to 800 days are used (See Supplementary Table 1 for details). Longer interval pairs allow slow motions to be resolved
providing the ice surface does not change too much due to varying
snow cover, crevasse evolution and shadowing effects. Images separated by shorter timescales allow rapid motions, such as those on
San Rafael Glacier (Figs. 3, 5), to be resolved even though the glacier
front is chaotic and changes rapidly. Both images must have enough
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features to allow for a cross correlation above a speciﬁed signal-tonoise ratio (SNR) threshold (detailed below).
The AROP is again used to co-register the pair of ASTER 1B images
to Landsat Global Land Cover imagery and orthorectify the ASTER images using the SRTM DEM. This provides consistent orthorectiﬁcation
for each scene and places all the images in a consistent spatial framework. For each orthorectiﬁed image pair the earlier scene is designated a reference. The more recent scene is set as a target upon which all
the routines are executed. The target image is co-registered to the reference image a second time using AROP. A 5-by-5 pixel kernel Gaussian high-pass ﬁlter is used to accentuate the edges of high-frequency
features such as crevasses in each image; these ﬁltered features provide high correlations (Scambos et al., 1992).
Ampcor, part of the open-source Repeat Orbit Interferometry
PACkage (ROI-PAC) (Rosen et al., 2004) is a normalized amplitude
cross-correlation routine used to generate 2-dimensional offsets
with sub-pixel precision. A 32-by-32 pixel “reference window” is set
within the reference image, the size arbitrarily being set to be about
twice the length of any expected glacier motion. Normalized brightness values from within this “reference window” are compared to
normalized brightness values from a reference window in the target
image. The initial position of the “reference window” is found on
the target image using a priori knowledge of the relationship between
the reference and target image geometries. The reference window in
the target image is then moved pixel-by-pixel around a 16-by-16
search window, producing a “surface” of correlation coefﬁcients
(see Scambos et al., 1992). Sub-pixel displacement precision is
achieved by oversampling the “reference window” and search window by a factor of 64 using sinc-interpolation to produce a densiﬁed
correlation surface. The correlation surface from the target image is
shifted until any matches are found. The x,y shift that produces the
highest correlation coefﬁcient and best SNR within the search area
is chosen as the displacement. Once the match is found, the “reference window” is moved 8 pixels across (or down) the reference
image and the procedure begins again. This 8-by-8 “skip” corresponds
to correlating a pixel every 120 m across the target image when using
ASTER imagery. This magnitude of this skip can be adapted as necessary, but 8-by-8 works well for the relatively small glaciers of the NPI,
allowing the boundaries between the moving glaciers and nonmoving bedrock to be resolved, while being small enough to capture
subtle glacier motion. Similar studies in Greenland have used both
slightly larger and smaller skip sizes (e.g. Howat et al., 2008a; Stearns
et al., 2005), producing velocity maps with comparable precision and
noise levels to this study.
We discard results with a SNR less than 17 based upon tests that
show diminishing returns when making the cut-off more stringent
(Melkonian, 2011). Scherler et al. (2008) use a similar scheme of ﬁltering by SNR. Our procedures result in maps of displacement with
120 m resolution that include large areas of coherent and statistically
signiﬁcant offsets. These maps are easily converted to velocities and
speeds by dividing the offsets by the time interval between the
image acquisitions. For each image pair we remove an elevationdependent bias in displacements using a least-squares ﬁt to apparent
bedrock displacement in the manner of Nuth and Kääb (2011).
Uncertainties are dependent on DEM errors and voids, varying
shadows, the time-span considered and satellite orbital parameters.
Uncertainties are generated for each image pair by determining the
average apparent bedrock displacement in a zone within 5 km of
the iceﬁeld (e.g. Stearns et al., 2005), while excluding bedrock that
is within 600 m (5 pixels) of the iceﬁeld to avoid contamination by
ice motion from pixels that cover both ice and bedrock. Apparent
bedrock displacement should be 0 m but in reality varies in magnitude across the displacement images in a complex manner. We clip
the apparent bedrock displacement at 2 standard deviations to remove outlier bedrock “motion.” Zones of average bedrock displacement are found next to each individual glacier in an image pair. The
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zone with the lowest average bedrock displacement is selected as
the value indicative of well-correlated bedrock, which best reﬂects
the quality of correlation over ice. Our experiments indicate that the
SNRs for correlation of ice features such as crevasses are similar to,
or slightly better than SNRs for bedrock features (Melkonian, 2011).
This is a conservative uncertainty to use for ice displacements as generally there is vegetation on the bedrock that yield poorer displacement results. Typical minimum bedrock displacement values are
between 1/7th and 1/5th of a pixel (~ 2.5 and 3 m). The minimum average bedrock displacement summed with the standard deviation on
the displacements is used as the uncertainty for the ice displacement
for all other glaciers within the image pair. Shorter period images
have larger uncertainties, as is expected. This method of calculating
uncertainties yields values that are slightly larger than those used in
some previous studies (e.g. Scherler et al., 2008).
We test the precision of our approach by selecting a single ASTER1B 3N image featuring snow, textured ice, bedrock and water, orthorectifying it to the SRTM and co-registering it to itself using the AROP
and then applying the pixel displacement routines. The process did
not produce completely stationary output – which is expected as
the correlation routines for pixel displacement had difﬁculty over featureless snow plains and bodies of water. Even so, the average offset
using our routines was 0.157 m (~100th pixel), with a standard deviation of 0.514 m, which we interpret as an uncertainty of 0.671 m, the
equivalent to a precision of approximately 1/25th of a pixel. In reality,
during our study when using different images the precision on the
bedrock is never any better than 2.6 m, or about 1/7th of a pixel.
We remove from consideration any image pair where the pixel offset
on the bedrock is greater than 20 m, just slightly more than a pixel.
This leaves 124 image pairs with useable displacements.
Each velocity map is ﬁltered in a semi-automatic manner so only
motions that have physically reasonable directions are retained in
the ﬁnal product, i.e. spurious uphill motions are removed. The uncertainty on ice motions from apparent bedrock displacements is detailed in Supplementary Table 1.
2.3. Microwave measurements of melt timing
To complement observations of surface elevation and velocity variations, we also use passive-microwave observations to characterize
the surface melt conditions of the iceﬁeld for both the overall duration of the study, and for each individual image-pair interval used to
derive displacements. Passive-microwave sensors allow observation
of glacier surface melt at a daily to sub-daily frequency, enabling observation of temporally dynamic processes such as melting. One of
the advantages of microwaves over optical sensors is their ability to
penetrate cloud cover and darkness, important in the cloud-covered
iceﬁeld region. Data from the Advanced Microwave Scanning Radiometer for EOS (AMSR-E) sensor aboard the Aqua satellite were collected starting in May 2002 (Kawanishi et al., 2003). The 36.5 GHz
vertically polarized channel has a spatial resolution of 8 km × 14 km
and was gridded to the 12.5 km EASE-Grid to facilitate repeat observations of individual cells. This is a coarse resolution for remote sensing, but due to the large differences between emissivity on frozen and
wet surfaces, it is sufﬁcient for observing melt and refreeze on large
glaciers, as evidenced by early work with SSM/I (25 km EASE-Grid)
on Alaskan Glaciers (Ramage & Isacks, 2002) and recent work with
the AMSR-E sensor (12 km EASE-Grid) on the Southern Patagonian
Iceﬁeld (Monahan & Ramage, 2010).
Passive-microwave sensors collect microwave radiance as a
brightness temperature measurement (Tb) with sensitivity to the
surface characteristics in the 18–19 and 36–37 GHz channels. On glaciers, snow melt and refreeze processes taking place on and near the
surface have dramatic effects on Tb, making it possible to differentiate
time periods when the snow is frozen, wet, or in transition. Snowmelt
extent and onset algorithms rely on the signiﬁcant response of
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passive-microwave sensors to the presence of a small amount of liquid water (Chang et al., 1976; Ulaby et al., 1986). Tb is high when
the snow is wet because liquid water signiﬁcantly increases the emissivity (Chang et al., 1976).
Several methods have been developed for detecting melting snow
and ice over glacier, ice sheet, sea ice, and seasonal snow at frequencies near 19 and 37 GHz (wavelengths of 1.58 and 0.82 cm, respectively) utilizing passive-microwave sensors (see summary in
Monahan & Ramage, 2010). For mountain glaciers and more temperate iceﬁelds, such as Alaska and the Patagonian Iceﬁelds, melting
snow is detected using the 36.5 GHz vertically polarized Tb and the
difference between the ascending and descending 36.5 GHz vertically
polarized Tbs collected via the passive-microwave sensor (e.g. Apgar
et al., 2007; Monahan & Ramage, 2010; Ramage & Isacks, 2002). This
approach uses two co-occurring thresholds for the Tb measurements
and a diel Tb contrast (DAV), differentiating a frozen snow surface
from a melting surface to determine the melt onset date (Ramage &
Isacks, 2002). Thresholds vary by sensor and wavelength. Ramage
and Isacks (2003) corroborated this methodology based on predominately glacier-fed discharge records for a period overlapping the satellite record. Tesdesco (2007) has also used this technique to map the
areal extent of melting snow over Greenland using 19 GHz V and
37 GHz V Tb SSM/I channels.
Multiple daily observations were put in sequence, and minimum
and maximum daily values were used to determine intra-day ﬂuctuations, DAV were calculated as the absolute value of the minimum
and maximum daily Tb. Melt onset using AMSR-E 36.5 V GHz is deﬁned as the ﬁrst occurrence where one daily Tb is greater than
252 K and the DAV is greater than 18 K in the 36.5 V channel (Apgar
et al., 2007; Monahan & Ramage, 2010). Because the NPI is extremely
wet, we show the distribution of Tbmin > 252 K for most of the intervals corresponding to ASTER pairs used for monitoring elevation
change and velocity [Fig. 4]. This corresponds to days where the surface is wet, and remains wet overnight.
3. Results
3.1. Surface elevation change results
Fig. 2 is a map of average rates of surface elevation change between 2000 and the most recent ASTER acquisitions (between 2007
and 2011, depending on the pixel). All rates are derived from time
spans of at least 7 years, with the average span being 9.2 years. The
ELA, the green line in Fig. 2, is calculated from the elevation of the
late-summer snow line on imagery from 2002 by Rivera et al.
(2007). We use their estimates rather than newer measurements
such as those by Barcaza et al. (2009) or Koppes et al. (2011), in
order to directly compare our estimates of volume and surface elevation change with those of Rivera et al. (2007). Results for individual
glacier basins are given in Table 1.
Thinning is observed at many high elevation locations above the
ELA in agreement with the results from previous studies (e.g. Rignot
et al., 2003; Rivera et al., 2007). The amount of high-elevation thinning is generally less than that observed between 1979 and 2001 by
Rivera et al. (2007). Thickening occurs on the windward side of
many of the mountains and at the very highest elevations. Below
the ELA thinning has accelerated over the last decade for 13 of the
25 glaciers considered by Rivera et al. (2007), although with the
large uncertainties that apply to basin scale measurements none of
the accelerations are signiﬁcant beyond one standard deviation.
The most rapid rates of surface change occur on the western side
of the iceﬁeld, with peak thinning rates greater than 10 m/yr observed at the front of the HPN-1 Glacier and only slightly slower
rates observed at the adjacent Acodado Glacier complex. The average
rate of thinning within the ablation area of the HPN1 glacier increased
by about 18% from − 4.00 ± 0.97 m/yr between 1979 and 2001

(Rivera et al., 2007) to −4.69 ± 0.95 m/yr between 2000 and 2011.
Average thinning rates within the ablation area of the Acodado Glacier increased by about 60% from − 2.10 ± 0.97 m/yr (Rivera et al.,
2007) to − 3.56 ± 1.16 m/yr and approximately doubled for the ablation areas of the Colonia, Grosse, Reichert and Steffen glaciers, within
the last decade.
The lacustrine terminating Gualas, Reicher and Grosse glaciers
retreated rapidly during the last decade (Aniya, 2007) indicating
that mass throughput from the interior was unable to compensate
for calving and ablation occurring at lower elevation at each of
these glaciers. Each lost an area of more than 1 km 2 from a combination of calving and thinning. The ablation area of Gualas Glacier
thinned at 3.03 ± 1.01 m/yr over the last decade and lost volume at
a rate of 0.186 ± 0.013 km 3/yr. This is a minimum estimate, as the
thickness of the ice mass lost from below the waterline cannot be
known without accurate measurements of water depths in the
newly expanded proglacial lake. At the Reicher Glacier the ablation
zone thinning rate of −2.80 ± 1.24 m/yr and volume loss of 0.092 ±
0.011 km 3/yr also reﬂects the loss of ice from areas that are now occupied by open water, but does not take into account the loss of ice
from beneath the waterline. The debris covered front at the Grosse
Glacier thinned at a rate of −2.15 ± 1.43 m/yr, while retreating into
a recently formed proglacial lake (Aniya, 2007). The glacier lost
−0.186 ± 0.013 km 3/yr from thinning within the ablation zone.
Each of these glaciers is likely to have lost more volume through calving than from thinning and the volume losses must be regarded as
minimum bounds.
The largest volume loss on the iceﬁeld due to thinning occurred at
the front of the San Quintin Glacier, the largest glacier of the iceﬁeld.
Thinning is especially pronounced near where the glacier terminates
in proglacial and marginal lakes. Imagery from the westernmost front
from January 2011 to June 2011 shows large rifts extending three kilometers from the terminal face into the body of the glacier and highlights the rapidly shrinking area, and disintegration of the lacustrineterminating piedmont. The large ablation area thinned at an average
rate of 2.29 ± 0.76 m/yr and lost at least 0.52 ± 0.17 km 3/yr of ice
over the last decade, again not accounting for ice loss below the surface of the proglacial lake. Winchester and Harrison (1996) document
an average rate of thinning at the San Quintin front between 1907 and
1980 as 2.52 ± 1.00 m/yr. A rate that is similar to our most recent estimate. Those authors note that thinning between 1907 and 1925 was
1.33 m/yr, while between 1933 and 1961 it was 3.64 m/yr, showing a
fairly large range of variability.
The terminus of the third largest glacier of the iceﬁeld, the Steffen
is disintegrating in 2011 imagery. The Steffen retreated more than
900 m and lost at least 0.50 ± 0.25 km 3/yr of ice due to thinning between 2000 and 2011. The rate of thinning in the ablation zone is
−2.80 ± 1.40 m/yr, which is almost twice as fast as the −1.50 ±
0.97 m/yr rate found between 1975 and 2001 by Rivera et al. (2007).
The San Rafael Glacier sustained an average thinning rate of
−2.58 ± 0.70 m/yr over the ablation area resulting in a volume loss
from thinning of 0.27 ± 0.07 km 3/yr between 2000 and 2011. Koppes
et al. (2011) found a 120 m difference in the elevation of trimlines at
the front of San Rafael where air photos show the ice surface was located in 1945, and the ice surface at the front of the San Rafael in
2005. This provides a 60 year average thinning rate of 2 m/yr. The
thinning rate in the last decade is about 25% faster, suggesting recent
acceleration.
Thinning, possibly due to drawdown, extends deep in to the interior of the iceﬁeld above the ELA, along distinct channelized ﬂow features that are visible in InSAR images of the iceﬁeld (Bernstein et al.,
2009) and in some of the optical pixel-tracking results (see righthand-side of Fig. 5). The uncertainties on thinning (Supplemental
Fig. 4) in the interior are typically less than ±1.5 m/yr compared to
lower elevation peripheral areas where they are typically better
than ±1 m/yr. Even with higher uncertainties the observation that
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thinning is focused along ﬂow features and is not homogeneously distributed over the accumulation basin suggests that the surface lowering within the accumulation area of the San Rafael, and possibly other
glaciers, is at least partially linked to changes in ice motion. Thinning
solely due to melting or changes in accumulation would be expected
to be relatively uniformly distributed. There is not enough repeat imagery, separated by a suitable time interval, to test whether motions
within the interior of the iceﬁeld have changed over the last decade.
On the eastern side of the iceﬁeld, in the rain shadow of the Andes,
thinning rates have decreased for the majority of the glaciers
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compared to 1979–2001, but thinning is still occurring at high elevations on some of the smaller glaciers. An exception to this decrease in
rates is found at the Colonia Glacier, the largest glacier with an eastern aspect. Thinning within the ablation zone of this glacier has
increased from −1.10 ± 0.97 m/yr (Rivera et al., 2007) to − 2.15 ±
1.14 m/yr within the last decade.
ELAs are used to assign whether surface change is of ice or ﬁrn for
each part of each glacier basin. The volume change occurring above
and below the ELA is summed for the whole iceﬁeld, taking into account the area of nunataks and exposed rock, on a glacier-by-glacier

Fig. 3. Rates of glacier motion for the Northern Patagonian Iceﬁeld, Chile. a) Composite velocity ﬁeld derived from stacked repeat ASTER imagery pairs with varying interval from
between 2000 and 2011 (see Supplemental Table 1). Stack contribution is weighted by the velocity uncertainty associated with the image pair. The extraordinary motion of the
tidewater San Rafael Glacier is clearly visible in the northwest of the iceﬁeld. Background image is from SRTM shaded relief. Glacier outlines are from the Global Land Ice Measurements from Space dataset (GLIMS), available through the US National Snow and Ice Data Center (Rivera, 2005). b) Composite velocity ﬁeld from images captured during the summer of 2001–2002. c) Composite velocity ﬁeld from images captured in the late summer of 2004. d) Composite velocity ﬁeld from images captured in the late summer of 2007.
Rapid motions are seen at high elevations deep in the accumulation area of the San Rafael Glacier. Several glaciers in the southwest show more rapid motions than in 2004. e) Composite velocity ﬁeld from images captured in January of 2011. Glaciers in the southwest have accelerated compared to 2004. The front of the San Quintin Glacier has accelerated
compared to 2007.
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basis (see Table 1). Overall a volume change of −4.06 ± 0.11 km 3/yr
from thinning is found for the iceﬁeld. This is converted to a mass
change assuming that thinning below the ELA within the ablation
zone is of glacier ice, with a density of 917 kg/m 3. At higher elevations
thinning is of the surface ﬁrn layers that have variable density. For the
purpose of this study, ablating ﬁrn is assumed to have a density of
550 kg/m 3, which is the average density of ﬁrn found in the top 6.8
m of an ice core drilled in the accumulation area of the San Rafael Glacier (Yamada, 1987). A similar value is observed for the uppermost
ﬁrn layers of a second shallow core drilled within the accumulation
area of the Nef Glacier (Matsuoka & Naruse, 1999) on the eastern
ﬂank of the iceﬁeld. The mass change rate of the NPI purely from surface elevation changes is calculated in this study to be −3.40 ± 0.07
Gt/yr., the equivalent of 0.009 ± 0.0002 mm/yr of sea level rise between 2000 and 2011. Rignot et al. (2003) ﬁnd a similar 1975–2000
NPI mass change of −3.2 ± 0.4 Gt/yr for the NPI combining both
area changes and observed thinning. Rivera et al. (2007) found that
combined thinning and area changes of the NPI contributed 0.013 ±
0.006 mm/yr of sea level rise between 1979 and 2001. These previous
studies considered area changes as well as thickness changes. We do
not think we have enough constraints on ice thickness to convert area
changes to mass changes in this study, and therefore our estimates
are lower bounds.
3.2. Velocity results
Fig. 3a presents a median ﬁltered composite image of glacier
speeds made using ASTER pairs collected at varying intervals between
2000 and 2011. Fig. 3b–e shows four of the individual seasonal epochs
that make up the majority of the composite image. The constituent
velocities for each pair in each seasonal average stack are weighted
by the local velocity uncertainties that are derived from local apparent bedrock motion (see Supplementary Table 1). The fastest glaciers,
including the San Rafael Glacier, occur on the western side of the iceﬁeld. These glaciers also have the largest catchment basins and likely
the largest mass ﬂux.
Three major features of the iceﬁeld stand out. The ﬁrst is the enormous speed of the San Rafael Glacier; the second is that high speeds
occur deep within the body of the iceﬁeld. We considered these

motions reliable as they occur at icefalls and well-deﬁned troughs.
In addition, Rignot et al. (1996a) commented on fast ﬂow deep within
the interior of the ice ﬁeld observed using interferometry. The third
feature is the acceleration of the glaciers on the western side of the
NPI in 2011 (Fig. 3e) compared to previous years (Fig. 3b-d).
The average speed of the front 5 km region of each glacier is examined for acceleration. Image pairs where coherent motions cover
more than 75% of the 5 km region have been examined (not
shown). Five of the glaciers on the western side of the iceﬁeld increased in speed between 2007 and 2011 (Gualas, San Quintin,
Benito, HPN1 and Acodado). There is no strong evidence of acceleration at any of the glaciers on the eastern side of the iceﬁeld. Two glaciers (Reichert and Exploradores) show hints that they may have
increased in speed between 2004 and 2007 but the data are noisy
and the changes in speed are not statistically signiﬁcant. We consider
changes in speeds, or lack thereof, at several of the prominent glaciers
on the western side of the iceﬁeld in the following section.
3.2.1. San Rafael Glacier
The 19.7 ± 1.2 m/day peak rate of motion at the centerline of the
calving front of the tidewater San Rafael Glacier dominates the velocity map of the iceﬁeld (Fig. 3). Rates were captured using a 7-day interval pair of images collected on March 28th and April 4th 2007
(Fig. 5). The rapid motion at the front, equivalent to 7195 ± 442 m/
yr., is slightly faster than previous geodetic measurements made previously, were several investigations found the average rate of motion
at the calving front to be ~ 17 m/day (Kondo & Yamada, 1988; Maas
et al., 2010; Naruse, 1985; Rignot et al., 1996a,b), although rates of
22 m/day have been observed on occasion (Kondo & Yamada, 1988)
and extreme rates of 48 m/day have also been recorded for brief periods, thought to coincide with subglacial drainage events (Warren,
1993). There are no other pairs of images that capture the motion
right at the calving front and so it is not possible to search for accelerations there within our dataset.
Naruse (1985) measured distinctive seracs moving at a rate of
13 m/day about 1 km upstream from the calving front. Rignot et al.
(1996a) observe 12 m/day there in 1994. We measure a centerline
speed of 14.8 ± 1.2 m/day at the same location in 2007 indicating
about a 10% ﬂuctuation in speeds. In 1994 Rignot et al. (1996a)

Fig. 4. Melt percentages for the surface of the Northern Patagonia Iceﬁeld from daily AMSR-E passive microwave observations. Each melt map panel shows the percent days melting
as identiﬁed by the minimum (and therefore also the maximum) Tb > 252 K. On these days the glacier surface is interpreted to be wet (due to melt and/or rain) all of the time. Color
scale applies to all melt maps. Panels also include the ﬁrst and last dates. a) Location map showing approximate locations of mostly snow and ice-covered 12.5 km EASE Grid cells
overlaid on GLIMS glacier outlines (courtesy of A. Rivera). b) Average surface condition for all complete austral hydrological years in this study (July 2002–June 2010). c) Average
surface conditions for austral summers: January 1 to March 31 for 2003–2011, corresponding to Figs. 3(b, c, d, e). d) Average surface conditions for speciﬁed periods discussed in the
text including March 2007, April 2007, March 28th to April 4th 2007, and January 2011.
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observe rates of 10 m/day two kilometers upstream from the calving
front. We ﬁnd the rate from a 7-day pair of images in late March 2007
as 10.9 ± 1.2 m/day, while in January 2011 a 23-day pair yields 10.0
± 0.3 m/day (inset Fig. 5), showing rates that are essentially
unchanged over the last 15 years.
Over the ﬁnal two kilometers of the glacier the speed of the ice
near the centerline almost doubles. This acceleration is similar to
that found by Naruse (1985) and Rignot et al. (1996a) and is a longterm feature of the glacier. The front of the glacier retreated by
about 150 m between March 2007 and January 2011 suggesting that
the mass ﬂux through the ELA is, at present, somewhat able to compensate for calving losses. This is expected as the Accumulation
Area Ratio (AAR), the proportion of the whole area of the glacier
that is made up by the accumulation area, on the San Rafael is ~ 0.85
suggesting that large changes in the accumulation basin are needed
before they inﬂuence the calving front (Rivera et al., 2007). We ﬁnd
that the trunk of the San Rafael Glacier, although moving rapidly
and thinning pervasively, has not signiﬁcantly accelerated in the last
decade.
The microwave imagery acquired simultaneously with the ASTER
imagery [Fig. 4c and d] indicates that the surface of the accumulation
area of the San Rafael Glacier was “wet” for the entire interval between the 2007 ASTER acquisitions. There are no local meteorological
stations that can be used to tell whether this was due to rainfall or
due to glacier surface melt. Whatever the source, some of the surface
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water may have penetrated to the bed of the glacier causing increased
basal water pressure and reducing sliding friction (e.g. Howat et al.,
2008c; Iken & Bindschadler, 1986; Rignot et al., 1996a; Yamaguchi
et al., 2003) therefore causing a slightly faster speed during our
study than has been previously measured.
The calving face of the San Rafael Glacier is about 1.8 km wide and has
a vertical area of approximately 0.42 km2 (Koppes et al., 2011). The average speed within 120 m of the calving front is 5.29±0.12 km/yr for the
period March 28th–April 4th 2007. Assuming that basal speeds and surface speeds are identical provides a calving ﬂux of 2.22±0.05 km3/yr., a
value about 60% greater than the 1994 rate found by Rignot et al.
(1996b) but only about 10% greater than the 1991–1992 rate calculated
by Warren et al. (1995). Koppes et al. (2011) detail ﬂuctuating calving
rates between 1960 and 2005 that are about the same size as our late
summer 2007 estimate.
The lack of an accurate ice depth measurement anywhere upstream on the San Rafael makes it impossible to provide any rigorous
measurements of the mass ﬂux from the accumulation basin into the
ablation area of the glacier. Variation of the ELA by even a small
amount drastically affects the size of the ablation and accumulation
zones due to the gentle gradient of the glacier surface. For example,
Rivera et al. (2007) use an ELA only 187 m lower in altitude than
that used by Rignot et al. (1996b). This drop in altitude results in an
ablation area of 105 km 2 compared to an area of 175 km 2 when
using the higher estimate. It is likely that the overall mass balance

Fig. 5. Average velocity ﬁeld of the tidewater San Rafael Glacier derived from pixel tracking of ASTER images spanning March 28th to April 4th 2007, overlain on an ASTER satellite
image from April 4th, 2007. The glacier rapidly accelerates towards its calving front to a rate of 7195 ± 422 m/yr making it one of the fastest glaciers on the planet. High rates of
motion are seen within bedrock troughs on mountain sides that form the back wall of the accumulation basin in the top right of the image. Thick black dotted line is location of
ELA from Rivera et al. (2007) and position used for ﬂux gate transect. Velocity contours are 500 meter/yr intervals. Yellow line shows location of velocity proﬁles plotted in
inset. Arrows show direction of motion but the lengths are not proportional to speed. Only every 10th arrow is shown. Inset shows velocity proﬁles collected over 6 different epochs
between 2004 and 2011. Uncertainties are one sigma. There is no evidence of signiﬁcant acceleration.
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of the San Rafael Glacier and the iceﬁeld in general is inﬂuenced by
variations in the height of the ELA (e.g. Barcaza et al., 2009).
3.2.2. San Quintin Glacier
The most rapid region of the San Quintin Glacier moves at more
than 2.5 ± 0.2 m/day. This area, just downstream of the 2002 equilibrium line, occurs as the glacier narrows into its main trough from the
accumulation zone (Fig. 6a). The ice slows downstream as large portions of ﬂow split from the main trunk and turn towards calving
fronts at lateral lakes, to the north and south of the glacier. Surface
motions are relatively constant at the main westernmost front of
the San Quintin between 2004 and 2007, however between 2007
and 2011 signiﬁcant acceleration of the ice occurs within the lagoon,
downstream of the escarpment that marks the Liquiñe–Ofqui boundary fault, ~6.5 km upstream from the westernmost ice front (Fig. 6b–
c). The glacier had a piedmont form within the lagoon with a gentle
surface slope for most of the 20th century. At the low terminus face
glacier motions are rapid, 1.2 ± 0.1 m/day from an 89 day pair in
2007, accelerating to about 2.0 ± 0.2 m/day from a 39 day pair in January 2011. The motions slow towards the terminus in 2007 and earlier pairs (Figs. 3c–d and 6b–c). In 2011 the ice maintains a steady
speed all the way to the chaotic, disintegrating front of the glacier.
This indicates a change in the dynamic regime, either the terminus has
started to ﬂoat or a surge of some form is occurring. The proglacial
lagoon at San Quintin is a new feature (Rivera et al., 2007), before 1991
the glacier formed a completely grounded piedmont lobe (Winchester
& Harrison, 1996). The calving front of the glacier shows progressive disintegration between 1997 and 2005 (Aniya, 2007) and 2007 and 2011
(this study), with large ﬁssures opening perpendicular to the front and
the piedmont splitting into multiple lobes.
3.2.3. Steffen Glacier
The Steffen Glacier has a peak speed of approximately 1.5 ± 0.1 m/
day occurring 18 km upstream from the rapidly disintegrating calving
front (Fig. 7). Between 2001 and 2003 the glacier showed no signs of
acceleration. No further pairs are suitable for generating displacements. Individual images show that the proglacial lake is ﬁlled with
many icebergs and that the front of the glacier is retreating.
3.2.4. Benito and HPN1 glaciers
The neighboring Benito and HPN1 glaciers are amongst the most
rapidly thinning glaciers on the NPI. Each glacier doubled in speed between 2007 and 2011 (Fig. 7), although the uncertainties on the measurements are large and the acceleration is barely signiﬁcant. Even so,
the speeds on each glacier increased between the front and about 6 or
7 km upstream even as each glacier thinned ~3–5 m/yr over the same
time period (see supplementary Fig. 2 for a thinning rate derived for a
single pixel near the front of Benito Glacier). A thinner glacier implies
a reduced driving stress, which generally causes a grounded glacier to
slow, depending on how the surface slope changes. For a glacier to
speed up while thinning, it is reasonable to suggest that the sliding
rate at the bed increased. A second possibility is that these glaciers
behave in a surge type fashion that has not been witnessed before
at these locations. The regional reduction in snowfall modeled by
Koppes et al. (2011) is likely the most important factor driving the
thinning at these glaciers especially since the AAR ratio at each of
these glaciers is amongst the smallest on the iceﬁeld. The microwave
measurements indicate consistently wet surface conditions at these
glaciers over the last decade, no matter the season or the duration
of the observation.
3.2.5. Nef and Soler glaciers
The Nef Glacier, the second largest glacier on the eastern side of
the iceﬁeld, is one of the few glaciers where velocity measurements
have been made previously. Flow speeds of 1.2 to 1.3 m/day were observed at the terminus of the glacier in 1998 (Warren et al., 2001), but

over the course of our study the rate of motion 1 km upstream of the
calving front has always been between 0.2 and 0.4 ±0.1 m/day, indicating a slow down since 1998. Peak rates of 1.2 to 1.4 m/day occur
about 9 km upstream from the front, just beneath the main icefall of
the glacier (Fig. 7). The velocity proﬁles collected by Yamaguchi
et al. (2003) at the Soler Glacier using in-situ measurements in
1985 and 1998 are very similar to those found in this study. No acceleration is observed at either the Nef Glacier or the Soler Glacier
(Fig. 7) over the duration considered by this work.

3.3. Melt timing results
The temperate nature of the NPI is easily seen in the passive microwave results (Fig. 4b — annual average). Signals characteristic of
melting are observed during the warm season of October through
March even at the highest altitude parts of the iceﬁeld, the accumulation basins and mountains of the northeast and southeast (Fig. 1). The
eastern part of the iceﬁeld displays a strong continental climate signal
with microwave measurements indicating a wet surface more than
50% of the time during the summer months. The ice surface of the
eastern region of the iceﬁeld is dry for more than 80% of the time during the winter implying that the surface is frozen. The colder temperatures are due to the higher elevations, while the orographic barrier
of the mountains reduces the occurrence of rainfall. The Nef and
Soler glaciers are affected by the relative stability of this climate regime and as mentioned, show no evidence of speed-up.
The contrast in climate with the western side of the ice ﬁeld is
striking, with the microwaves conﬁrming the maritime regime displaying wet characteristics more than 50% of the time. The EASE
pixels in the southwestern part of the iceﬁeld have the highest percentage of days with wet surface conditions. This is the lowest elevation portion of the iceﬁeld. It is also the region within which the
Acodado, Benito and HPN1 glaciers terminate. In the warmest months
the pixels corresponding to the surface of these glaciers have a response that is wet 100% of the time, implying either warm temperatures and ongoing melt, wet snow accumulation and/or rainfall or a
combination of these factors is occurring. In the southwest, pixels
with the strongest signal of sustained wet conditions are coincident
with the areas of the iceﬁeld that are thinning the most rapidly. This
suggests that the thinning rates have a component that is due to
melting in addition to any thinning caused by ice dynamics.
Rignot et al. (1996b) comment that there is abundant surface
water at the San Rafael that could enhance both ice deformation
and basal sliding. Yamada (1987) observed a ~ 2 m thick unconﬁned
aquifer about 25 m below the ice surface at their drill core site in
the accumulation basin of the San Rafael also highlighting the temperate nature of the ice. Yamaguchi et al. (2003) correlated periodic
accelerations at the front of the Soler Glacier with instances of rainfall
further upstream. The high rate of motion observed at the front of San
Rafael in 2007 may be representative of the normal motion of the glacier, alternatively it may be a short duration event linked to melting
further upstream. Examination of the number of days per month
that the microwave measurements show a wet surface from 2002
through 2011 (not shown) indicates that there is nothing exceptional
about the summer of 2007. The number of days with a wet surface
from 1st January 2007 to 31st March 2007 is almost exactly the
same as that over the same period in previous and subsequent years
(see Fig. 4c). At the front of the San Rafael during the March 28th–
April 4th 2007 ASTER acquisition interval, the surface is proportionally drier than during the entire month of March 2007, but it is wetter
than the April 2007 average (Fig. 4d). At higher elevations and on the
north side of the San Rafael the ice surface is uncharacteristically wet
for more than 95% of April 2007 and for the duration of our speed
measurements compared to April in any previous or subsequent
year. It is plausible that surface, or near-surface water from this
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region made its way to the glacier bed and contributed to the rapid
motions observed during our snapshot view further downstream.
The microwave measurements for the pixels that cover the southwestern regions where the glaciers accelerated between 2007 and
2011 (Fig. 4a for location of microwave pixels, Fig. 7 for motions) generally indicate drier conditions at the higher elevation accumulation
areas in December 2010 compared to most of the summer months
of 2007, when similar speed measurements were made. At lower
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elevations the pixels that correspond to the front of the glaciers
have about the same surface conditions in December 2010 compared
to December 2006 through late March 2007. The intervening years
show large variability with 2009 displaying extended dry conditions
that suggest lower rates of precipitation, melt and/or or lower temperatures, while early 2010 shows high levels of surface wetness
across the entire iceﬁeld compared to previous years. The 8 years of
passive microwave measurements do not show any clear changing

Fig. 6. a. Average velocity ﬁeld of the San Quintin Glacier derived from pixel tracking of ASTER images spanning from 31st January 2004 to 10th March 2004, overlain on ASTER
satellite image from May 2nd, 2000. The glacier slows below the ELA as ice separates from the main trunk and ﬂows into side valleys where there are small calving fronts. The
ice in the main truck accelerates once again as it crosses over the front fault of the Andes and enters the lagoon. The ice maintains steady or slightly slowing speed towards the
terminus. Velocity contours are 500 meter intervals. Arrows show direction of motion but the lengths are not proportional to speed. Every 10th arrow is shown. White glacier outlines courtesy of GLIMS (Rivera, 2005). Red line shows location of January 2011 terminus. Yellow line shows location of velocity proﬁles shown in panel c). b) Average ice motions at
calving front from pixel tracking of ASTER images spanning from 17th December 2010 to January 25th 2011 overlain on ASTER image from January 25th 2011. The ice has accelerated compared to 2007. Note the reduction in size of the piedmont front of the glacier and the presence of many icebergs in the lake. The ice is heavily ﬁssured from the westernmost point on the front to a region 3 km further upstream where the fastest motions occur. These ﬁssures do not affect the coherent motion of the ice in the image pair. c)
Average ice velocity proﬁles from 11 sets of ASTER pairs over various intervals between 2004 and 2011. Uncertainties vary depending on the length of the interval between acquisitions. Acceleration at the front of the glacier is apparent when comparing 2004, 2007 and 2010/2011 rates of motion even when considering the uncertainties.
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Fig. 7. Average velocity proﬁles collected from pixel tracking of ASTER pairs at various intervals between 2001 and 2011 for 6 outlet glaciers of the Northern Patagonia Iceﬁeld, Chile.
Uncertainties are based on apparent bedrock motion calculated for each individual image pair. Gualas Glacier shows some, barely signiﬁcant, acceleration between 2004 and 2011.
Nef and Soler Glaciers show no signiﬁcant acceleration. Benito and HPN1 glaciers show acceleration but the uncertainties are large. The Steffen glacier does not have enough data to
make conclusions about acceleration, and is shown to provide baseline observations for future measurements.
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trends in surface wetness through time, but conﬁrm that the areas of
greatest thinning have the largest durations of time with wet surface
conditions.
4. Discussion
Escobar et al. (1992) estimates rates of 8–10 m water equivalent
(w.e.) precipitation may fall on the iceﬁeld each year, with an increasing proportion of this falling as rain in recent decades (Koppes et al.,
2011; Rasmussen et al., 2007). Yamada (1987) measure an accumulation rate of 3.45 m/yr w.e. from an ice core just above the ELA on the
San Rafael Glacier, while Matsuoka and Naruse (1999) found an accumulation rate of 2.2 m/yr w.e in the accumulation area of the Nef Glacier, on the eastern side of the ice ﬁeld. Assuming that the
accumulation rate measured at the San Rafael is constant over the entire accumulation area of the western side of the iceﬁeld and that the
Nef Glacier accumulation rate is constant for the eastern side of the
iceﬁeld gives a net inﬂux of 8.00 km 3/yr w.e. for the accumulation
area of the entire iceﬁeld which, assuming a density of ice of
917 kg/m 3, gives a net incoming volume of 8.72 km 3/yr.
From surface elevation change we ﬁnd an average volume loss of
4.06 ± 0.11 km 3/yr or about half the incoming volume, over the
whole iceﬁeld between 2000 and 2011. This must be considered a
lower bound as we have neglected the volume lost to submarine,
sub lake-surface melting and calving at most glaciers. Calving at the
San Rafael Glacier alone accounts for an additional loss of 2.22 ±
0.19 km 3/yr. Other calving glaciers at the NPI display rapid front retreat and collapse, however, there are no constraints on the ice thickness or lake depths there so estimates of calving ﬂux cannot be made,
nor can a mass balance for the entire ice ﬁeld be found.
We calculate a mass loss solely from thinning as 3.40 ± 0.07 Gt/yr,
taking into account density differences above and below the ELA. This
mass loss is contributing 0.009 ± 0.0002 mm/yr to sea level rise, although not all the mass will be transferred into the global oceans
due to local hydrological processes and impoundment in lakes and
wetlands. The rate of volume loss found in this study is similar to
that found in previous works (Rignot et al., 2003; Rivera et al.,
2007) and suggests that the long term “health” of the NPI is poor.
The mass loss from the iceﬁeld is comparable to previous studies
and does not show any indication of acceleration in the last decade,
in agreement with Gravity Recovery And Climate Experiment
(GRACE) space borne gravimetry observations over the region (Ivins
et al., 2011).
5. Conclusions
Maps of ice surface elevation change and outlet glacier velocity are
produced over the entire NPI using a new set of automated opensource procedures. Ice at the calving front of the fastest glacier on
the western side of the iceﬁeld, the tidewater San Rafael Glacier, is
moving at a rate of ~19.7 m/day in 2007, which is at the upper bounds
of rates observed during previous investigations. The high rate of motion may not be representative of the long-term behavior of the glacier, as we simultaneously observe that the surface of the iceﬁeld in
the catchment basin of the glacier was “wet” over the short latesummer observation period using passive microwave imagery. It is
plausible that the wet conditions at the surface could translate
through time to an increase in the sub-areal supply of water to the
base of the glacier, elevating basal water pressure and allowing the
glacier to more easily slide across its bed. We do not ﬁnd that these
wet surface conditions are particularly unusual for the iceﬁeld when
examining the passive microwave observations from 2002 through
2011, but note that the catchment basin of the San Rafael Glacier
was anomalously wet over the observation period that exhibited the
fast speeds. We are unable to tell whether the rapid front speeds at
the San Rafael will be sustained.
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Several of the glaciers on the western side of the iceﬁeld have accelerated between 2007 and 2011 while also thinning rapidly. The acceleration at the front of the lacustrine terminating San Quintin
glacier may indicate the beginning of a period of even more rapid
ice front retreat, possibly analogous to the collapse and retreat of
the piedmont of the San Rafael glacier in the 1960s and '70s.
Our automated methods derive thinning rates across the entire
iceﬁeld through the use of DEM differencing. Thinning is pervasive
and rapid on the western ﬂank of the iceﬁeld, possibly due to warmer
temperatures at low elevations and the abundance of rainfall as
shown by measurements of surface wetness from passive microwave
measurements. The iceﬁeld is losing slightly more than 4 km 3 of ice
per year just from thinning. Calving at the San Rafael glacier accounts
for a further loss of about 2 km 3. It is not possible to calculate a full
mass balance for the iceﬁeld due to the lack of thickness measurements at most glaciers — such measurements must be the focus of future work. Although we ﬁnd that the iceﬁeld has not signiﬁcantly
increased its volume loss in recent years, compared to a 1975–2001
baseline, we agree with several investigations that suggest the ongoing rate of mass loss is unsustainable for such a small iceﬁeld (Ivins
et al., 2011; Rignot et al., 2003; Rivera et al., 2007).
Supplementary materials related to this article can be found online at doi:10.1016/j.rse.2011.09.017.
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