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ABSTRACT. Feature tracking of orthorectified pairs of
Advanced Spaceborne Thermal Emission and Reflection
Radiometer satellite images is used to calculate velocities
for the Tasman Glacier, New Zealand (2002–2014) and
the Khumbu Glacier, Nepal (2001–2008). Velocities in the
middle and upper ablation zones of both glaciers show a long-
term decrease of �10–20%, while the terminus of Khumbu
Glacier has remained near stagnation throughout the study
period. In contrast, there has been a recent acceleration of the
lower terminus of Tasman Glacier, from �5 m a–1 in 2002
to 40 m a–1 in 2014. Both of these glaciers have an extensive
supraglacial debris cover across their lower ablation regions,
with the Khumbu Glacier terminating on land and the Tasman
Glacier terminating in a proglacial lake. The rapid recent
increase in velocity of the terminus of Tasman Glacier is
closely correlated with the increase in size of its proglacial
lake. These results indicate the complex dynamic changes
that mountain valley glaciers may undergo in response to
long-term negative mass balance.
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Introduction
Mountain glaciers can be good indicators of
changes in climatic conditions because of their
sensitivity to temperature and other environmental
factors (Oerlemans 2005; Owen et al. 2009;
Diodata et al. 2012). For example, over the past two
centuries there have been widespread glacier mass
losses and decreases in the length of glacier tongues
in most alpine regions of the world (Oerlemans
2001; Kääb et al. 2012; Marzeion et al. 2014). In
terms of assessing their evolution in a warming
climate, a major question is whether these ice
masses will undergo changes in their velocity. It is
well known that temperate valley glaciers undergo

seasonal increases in motion in response to rapid
surface meltwater inputs that cause pressurization
of the subglacial drainage system (Iken and Truffer
1997; Nienow et al. 1998; Mair et al. 2002).
However, the influence of changes in meltwater
input to glaciers is complex, as subglacial drainage
systems evolve seasonally to accommodate the
water flowing through them, meaning that the same
meltwater input to a glacier bed late in the summer
may have much less influence on glacier motion
than the same input early in the spring (Schoof
2010).

Over a multi-annual period with increased
surface melt, it is unclear whether glaciers will
speed up (e.g. due to increased water lubrication
of the glacier bed), or slow down (e.g. due to
decreased driving stresses caused by a reduction in
ice thickness). Existing studies have not provided
a conclusive answer. For example, Heid and Kääb
(2012b) used feature tracking of optical satellite
imagery to determine a multi-decadal reduction in
glacier motion in five of the six regions they studied.
They attributed slowdowns to long-term negative
mass balances and glacier thinning, and associated
reductions in driving stress. Similarly, at Glacier
d’Argentiere, France, Vincent et al. (2009) reported
large increases in thickness and motion of the
ablation zone of the glacier between 1960 and 1981
under positive mass balance conditions, and strong
decreases in ice thickness and motion in this region
since 1982 under negative mass balance conditions.
In contrast, Vincent et al. (2000) recorded increased
motion of a glacier in the French Alps between 1957
and 1997 despite a decrease in ice thickness of 10–
30 m in the ablation zone over that period.

The aim of this study is to assess inter-annual
changes in the velocity of mountain glaciers in
regions with known negative mass balances. This
can provide insight into how these glaciers may
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Fig. 1. Location of the Khumbu and Tasman Glaciers. (a) Satellite map of the Himalaya region; (b) ASTER satellite image of the
Khumbu Glacier from 23 Oct., 2003; (c) satellite map of the South Island of New Zealand; (d) ASTER satellite image of the Tasman
Glacier from 09 Apr., 2010.

evolve in the future, and address the broader
question of how glaciers respond dynamically
under a warming climate. Measurements are
focused on two large valley glaciers in New Zealand
(Tasman Glacier) and Nepal (Khumbu Glacier),
which have previous measurements against which
our results can be compared (Fig. 1). Our satellite
image analysis provides glacier motion over areas
which are logistically difficult to access on the
ground, and offers a regional perspective that is
not usually possible with field measurements.

Background and motivation
Velocity data for the Tasman and Khumbu Glaciers
extend back to roughly 1890 (Brodrick 1891,
1894, 1906) and 1970 (Kodama and Mae 1976),
respectively. In more recent years, the frequency of
velocity measurements has increased significantly,
although there are still notable gaps. For example,
since 1980, the Tasman Glacier has velocity records
for 1986 (Kirkbride 1995), 1995 (Kirkbride and
Warren 1999), 2002 and 2006–2007 (Quincey
and Glasser 2009), and 2009–2010 and 2010–
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2011 (Redpath et al. 2013). Since 1970, velocity
records for the Khumbu Glacier are available for
1973–1974 (Kodama and Mae 1976), 1987–1993
(Nakawo et al. 1999), 1992–1998 (Quincey et al.
2009), 2000–2001 (Bolch et al. 2008a), 2001–2002
(Quincey et al. 2009) and 2001–2003 (Bolch et al.
2008a).

The use of Advanced Spaceborne Thermal
Emission and Reflection Radiometer (ASTER)
optical imagery for velocity measurements on both
glaciers is well established, with Scherler et al.
(2008) presenting data for the Khumbu Glacier
and Redpath et al. (2013), Herman et al. (2011),
Quincey and Glasser (2009), and Kääb (2002) all
presenting data for the Tasman Glacier. ASTER
imagery provides numerous options for cloud-free
and near-vertical incidence angle scenes, making
it ideal for a time series assessment of velocity
variations.

This study serves to increase the spatial and
temporal record of velocity measurements for
both glaciers since 2000. Understanding inter-
annual velocity variations over a decadal time
scale will provide information regarding the
dynamic behavior of large, debris-covered glaciers
under starkly negative mass balance conditions.
On a smaller scale, we also seek to quantify
local behavior for both glaciers given previous
predictions of increasing terminal velocity and
retreat of the Tasman Glacier (Kirkbride and
Warren 1999) compared with a stagnant terminal
region at the Khumbu Glacier (Bolch et al. 2008a).

Overview of the study areas
Glaciers in the Himalayas and New Zealand South-
ern Alps possess many similar geomorphological
characteristics, such as an extensive supraglacial
debris cover, the occurrence of supraglacial lakes
throughout their ablation areas, and proglacial lakes
adjacent to their termini, which can increase calving
processes. These two regions, however, are subject
to varying climate forcing.

The Southern Alps contain a total of >3100
glaciers, covering an area totaling �1158 km²
and an estimated ice volume of 53.3 km³ (Chinn
1991, 2001). The total ice volume of the Southern
Alps has decreased by about 0.3 km³ a–¹ water
equivalent over the past 30 years (Chinn et al.
2012). The Tasman Glacier holds approximately
29% of the total ice volume of the Southern Alps
(Chinn 2001) and currently extends to a length of
�20 km (Fig. 1b). It has a thick layer of debris
covering its ablation area that reaches up to 2

m thick near the terminus, but gets significantly
thinner with distance upstream (Kirkbride 1993).
The current equilibrium line altitude (ELA) is
�1800 m (Purdie et al. 2011), and the accumulation
area currently occupies �25% of the glacier. The
Tasman’s long length and high supraglacial debris
coverage has resulted in it taking several decades
to respond to climate forcing (Dykes et al. 2010;
Chinn et al. 2012). Between the end of the Little
Ice Age in the middle to late nineteenth century
and �1990, it reduced in area from 109.3 to
99.4 km² and experienced significant downwasting
(Chinn 1996). However, the terminus did not
start significantly retreating until the beginning of
the Tasman proglacial lake development in 1983
(Herman et al. 2011).

Glaciers in the Himalaya and Karakoram cover
�40 800 km², and most occur at elevations
>4000 m (Bolch et al. 2012). Glaciers in the
eastern and central Himalayas accumulate the
majority of their mass during the summer months
and rely on monsoon precipitation and cooler
summer temperatures (Ageta and Higuchi 1984).
With recent climate change, however, precipitation
amounts have dropped, snowfall has turned into
rain at lower elevations (Qin et al. 2000), and
temperatures have risen since 1970 (Shrestha et al.
1999; Diodata et al. 2012). This has resulted in
widespread glacier retreat, and many glaciers in
the Khumbu Himalaya have recently developed
proglacial and supraglacial lakes that pose a
potential hazard for glacial lake outburst floods
(Cenderelli and Wohl 2001, 2003). The Khumbu
Glacier, the focus of this study (Fig. 1d), has a debris
covered ablation tongue that increases in debris
thickness with distance downstream (Nakawo et al.
1986; Benn and Lehmkhul 2000), resulting in
maximum ablation rates in the upper portions of the
tongue where debris insulation is negligible (Benn
and Lehmkuhl 2000; Kayastha et al. 2000; Nuimura
et al. 2011; Benn et al. 2012). The accumulation
area is fed by both direct snowfall and avalanching,
which account for 25% and 75% of the total
accumulation, respectively (Inoue 1977). The ELA
is at �5300–5400 m a.s.l. (Thakuri et al. 2014)
and �41–42% of its area currently sits within the
accumulation zone.

Methodology
Surface velocities were derived using the Cosi-Corr
feature tracking technique (Leprince et al. 2007)
on pairs of ASTER L1A satellite images, with
a 7-year series created for the Khumbu Glacier,
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and a 12-year time series for the Tasman Glacier.
This method and software were chosen because of
the previous success of optical feature matching
to derive terrain displacement in mountainous
regions (Leprince et al. 2007; Scherler et al. 2008;
Copland et al. 2009; Herman et al. 2011; Heid
and Kӓӓb 2012a, 2012b). The process, described
in detail by Leprince et al. (2007) and Scherler
et al. (2008), begins with the manual selection of
tie points between a raw ASTER image and an
already orthorectified scene. In this study, a shaded
version of an ASTER digital elevation model
(DEM) was used as the orthorectified master image
for Khumbu Glacier, while the 15 m resolution
DEM NZSoSDEMv1 was used for Tasman Glacier
(Columbus et al. 2011). ASTER DEMs were
provided in a GeoTIFF format through the USGS
Global Visualization Viewer. Both the ASTER and
NZSoSDEMv1 DEMs contain a geographic grid
corresponding to the unrectified “slave” image and
can be displayed as a raster image. In Cosi-Corr, tie
points were selected between the DEM and slave
image based on distinctive topographical features
such as mountain peaks and valleys. These tie
points contain a geographic location from the DEM
and a pixel grid location of the slave image, and
can then be converted into GCPs using sub-pixel
correlation between the master image and the slave.
A Sinc resampling process with kernel size 21 was
used to define the ground coordinates of the slave
image. Average mis-registration had a standard
deviation (σ ) of 1.9 m, about one-eighth of a
pixel.

In all cases, ASTER image band 3N with
15 m resolution was used, and correlation was
performed to yield displacement data every
60 m. Tests using ASTER bands 1 and 3N for
the correlation, following the recommendation of
Redpath et al. (2013), showed that band 3N
performed consistently better. Noticeable stripes
in the east–west and north–south bands of the
displacement maps caused by an uncorrected
oscillating pitch artifact in the ASTER satellite
array were averaged and removed using the post-
processing tools within Cosi-Corr (Leprince et al.
2007; Ayoub et al. 2014). The datasets were then
denoised using the non-local means filter to remove
inaccurate displacement measurements due, in part,
to a low signal-to-noise ratio. Velocities were
typically only derived for the ablation zone of
the study glaciers due to extensive snow cover
in their accumulation areas that precluded the
identification of unique surface features there. This
is a similar approach to previous studies that have
used feature tracking in these regions (Scherler
et al. 2008; Copland et al. 2009; Redpath et al.
2013). Velocities are generally displayed along
glacier centerlines. These centerlines were derived
in ArcGIS by digitizing the glacier margins into
shape files and importing them into the “Collapse
Dual Lines to Centerline” tool. Separate centerlines
were created for each velocity pair using the later
of the two orthorectified images.

To avoid influences from sub-annual velocity
variations, image pairs separated by at least one
year were used (Table 1). The availability of

Table 1. Details of the ASTER images used in this study

Region Date Local time Granule ID Sun
elevation

(°)

Sun
azimuth

(°)

VNIR
pointing
angle (°)

Khumbu Himalaya 20 Dec., 2001 11:02:29.390 ASTL1A 0112200502290201111047 36.1828 160.956 NULL
Khumbu Himalaya 21 Nov., 2002 11:00:34.616 ASTL1A 0211210500340212070707 40.2595 162.484 NULL
Khumbu Himalaya 08 Jan., 2003 11:00:16.120 ASTL1A 0112200502290201111047 36.4384 157.484 –0.029
Khumbu Himalaya 23 Oct., 2003 10:59:29.471 ASTL1A 0310230459290311050563 48.6004 158.654 0.019
Khumbu Himalaya 10 Nov., 2004 10:58:19.186 ASTL1A 0411100458190411210131 42.7013 160.375 –1.480
Khumbu Himalaya 13 Nov., 2005 10:58:41.790 ASTL1A 0511130458410511190111 41.9284 161.115 0.022
Khumbu Himalaya 23 Jan., 2006 11:04:00.753 ASTL1A 0601230504000601270134 38.5933 155.245 8.578
Khumbu Himalaya 19 Jan., 2007 10:59:34.786 ASTL1A 0701190459340701220148 37.7429 154.564 –2.867
Khumbu Himalaya 06 Jan., 2008 10:59:36.206 ASTL1A 0801060459360808120305 36.2465 157.742 0.014
NZ Southern Alps 29 Jan., 2002 09:39:55.726 ASTL1A 0201292239550202170220 52.0339 57.605 NULL
NZ Southern Alps 31 Dec., 2002 09:38:10.436 ASTL1A 0212312238100303160147 58.3364 63.044 0.022
NZ Southern Alps 24 Jan., 2006 09:36:04.780 ASTL1A 0601242236040601280426 52.7539 59.808 –0.028
NZ Southern Alps 06 Dec., 2007 09:31:18.150 ASTL1A 0712062231180807080848 57.8022 59.304 –8.589
NZ Southern Alps 17 Feb., 2009 09:38:29.439 ASTL1A 0902172238290902200414 46.7179 52.505 –0.019
NZ Southern Alps 09 Apr., 2010 09:37:37.874 ASTL1A 1004092237371004120425 31.3774 36.209 –0.017
NZ Southern Alps 26 Feb., 2012 09:37:31.536 ASTL1A 1202262237311202270567 44.5373 49.979 –0.022
NZ Southern Alps 24 Feb., 2014 09:31:31.894 ASTL1A 1402242231341402250335 44.1677 52.009 –8.580
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cloud- and noise-free images limited the choice
of date pairs, but a comprehensive velocity record
was reconstructed for the periods 2001–2008
for Khumbu Glacier and 2002–2014 for Tasman
Glacier. Some datasets were close to an annual
pair, while others were a two-year pair, especially
in New Zealand (Table 1). The lack of cloud-free
imagery after 2008 explains the shorter length of the
Khumbu Glacier record. The color ASTER images
plotted here are presented with band 1 in the blue
channel, band 2 in the green channel and band 3N
in the red channel.

Uncertainty analysis

To assess the quality of the ice velocity
measurements, the apparent motion of stable off-
glacier regions surrounding the study sites was
quantified. Glacierized regions and any areas with
signs of instability (e.g. due to mass wasting)
were masked out, together with any regions of
shadow within the stable terrain. Apparent motion
in areas outside of the masked regions was used
to calculate mean and standard deviation values
for the errors in both east–west and north–south
directions. The same areas were used in every image
pair to reduce locational error and remove spatial
bias. This analysis indicated apparent motion over
bedrock areas of 2.70 ± 2.26 m a–1 for Khumbu
Glacier and 2.43 ± 3.68 m a–1 for Tasman Glacier
(Table 2). These uncertainties likely relate to factors
such as errors in the image co-registration process,
artifacts due to topography, and/or image matching
accuracy in Cosi-Corr.

Results
Tasman Glacier, New Zealand

Across the Tasman Glacier, horizontal velocities
generally ranged between 12 and 200 m a–1 (Fig.
2a–d). The glacier motion can be divided into
an upper and lower ablation zone, separated by
the Hochstetter Icefall (Fig. 2e), and a third zone
comprising the lower terminus.

The upper ablation zone is characterized by the
convergence of the shorter, slower Rudolph Glacier
to the west and faster, larger Tasman Saddle to
the east. The Rudolph Glacier has a relatively high
debris cover and avalanche-fed nourishment, while
the Tasman Saddle consists of mainly debris-free
ice, has a larger overall ice flow distance and a well-
defined accumulation zone. Overall flow speeds
reach a local maximum at the confluence of these
glaciers (�1 km location in Fig. 2e), with most
ice contribution coming from the main Tasman Ta
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Fig. 2. Displacement maps for Tasman Glacier from (a) 29 Jan., 2002–31 Dec., 2002, (b) 24 Jan., 2006–06 Dec., 2007, (c) 17 Feb.,
2009–09 Apr., 2010, and (d) 26 Feb., 2012–24 Feb., 2014; (e) velocity measured along the center line for each time period (high
velocity at 6.3 km mark reflects influence of Hochstetter Icefall as discussed in text), and elevation along the glacier centerline,
calculated from the ASTER DEM from 29 Jan., 2002.

6 © 2015 Swedish Society for Anthropology and Geography
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Fig. 3. Maximum average velocity for cross-sections of the Tasman Glacier as shown in Fig. 2a with associated error bars. Note: *
marked in figure denotes no information about errors in the measurement.

saddle. Velocities at this confluence show a long-
term decrease over the study period, from �118 m
a–1 in 2002 to �88 m a–1 in 2014. Between 2002 and
2014, the debris-covered surface area increased by
as much as 5% above the confluence transect, with
the majority of the increase observed on Rudolph
Glacier.

Below the Rudolph Glacier confluence, veloc-
ities subside over the next �5 km to reach a
minimum of �20 m a–1, just above the Hochstetter
Icefall confluence. This slowdown could be due
to the blocking effect of the Hochstetter Icefall
or a general thinning of the glacier with distance
downstream, although we do not have sufficient
data to understand which of these factors is
most important. However, below the Hochstetter
Icefall velocities increase significantly (to up to
�140 m a–1) as ice is added to the main trunk.
Downstream of the icefall the glacier undergoes a
gradual deceleration towards the terminus over the
lowermost �8 km of the glacier (Fig. 2e). Long-
term velocities at the Hochstetter Icefall Confluence
appear to be stable or decreasing over the study
period (Fig. 3), similar to the observations at the
Rudolph Glacier confluence. A small tributary, Ball
Glacier, joins the main glacier �2 km south of
the Hochstetter Icefall Confluence, but does not
currently provide a significant contribution to the
ice flow of the main glacier.

In contrast to the general decrease in velocities
observed over the upper glacier, there was a
substantial acceleration across the lowermost
�3 km of Tasman Glacier over the period of study.
At the end of the terminus, velocities increased
from �5 m a–1 in 2002 to up to 40 m a–1 in

2014 (Figs 2e and 3). Most velocity increases at the
terminus occurred between 2002 and 2006, with
relatively little change in motion since then. The
ASTER satellite imagery indicates that there was a
substantial growth in area of the Tasman proglacial
lake over the study period (Fig. 4). In 2002 only
the western portion of the lowermost �2 km of the
glacier terminus was intact, with the area to the
east of it consisting of open water (Fig. 4a, b). By
January 2006 the western side of the terminus had
started to break up (Fig. 4d), and by December 2007
the entire 2 km lower terminus had disintegrated
into a series of icebergs (Fig. 4e). Between 2007
and 2014 the new glacier terminus was relatively
stable, retreating gradually by a total of �0.5 km.
As of 2014 the proglacial lake was �5 km long and
�1.5 km wide, covering a total area of �7.5 km2.

Khumbu Glacier, Nepal

The motion of Khumbu Glacier was calculated
based on near-annual time series between 2001
and 2008 (Fig. 5a–f). Miscorrelations were large
in the Khumbu Icefall, likely due to extreme
surface deformation and shifting shadows between
images. However, correlations were good below the
Khumbu Icefall, and so this forms the focus of the
discussion below.

Along the glacier centerline, velocities over
the study period peaked at nearly 75 m a–1

just above Everest Base Camp (EBC), with a
decrease after this towards the terminus (Fig.
5g). This region comprises the lower part of the
Khumbu Icefall and showed the highest inter-
annual variability in motion, reflecting its dynamic
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Fig. 4. ASTER images showing the development of Tasman Lake and acceleration in the terminus velocity from (a) 29 Jan., 2002,
(b) 31 Dec., 2002, (c) displacement map from (a) and (b), (d) 24 Jan., 2006, (e) 06 Dec., 2007, (f) displacement map from (d) and (e),
(g) 17 Feb., 2009, (h) 09 Apr., 2010, (i) displacement map from (g) and (h), (j) 26 Feb., 2012, (k) 24 Feb., 2014, and displacement
map from (j) and (k). White dashed line shows centerline distance downglacier from the Rudolph confluence.
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Fig. 5. Displacement maps for Khumbu Glacier from (a) 20 Dec., 2001–08 Jan., 2003, (b) 21 Nov., 2002–23 Oct., 2003, (c) 23 Oct.,
2003–10 Nov., 2004, (d) 10 Nov., 2004–23 Nov., 2005, (e) 23 Jan., 2006–19 Jan., 2007, and (f) 19 Jan., 2007–06 Jan., 2008; (g)
velocity measured along the center line for each time period, starting just above Everest Base Camp (EBC), and elevation along the
glacier centerline, calculated from the ASTER DEM from 23 Oct., 2003.

nature with frequent avalanches and serac collapses.
The average velocity at EBC for the entire 7-year
time series was �53 m a–1. The rapid decrease in
motion below EBC reflects a decrease in surface
slope there, associated compressive ice flow, and a
thickening of the glacier until it reaches a maximum
thickness of �450 m some 2 km downglacier from
EBC (Nakawo et al. 1999; Gades et al. 2000). It is
also around EBC that supraglacial debris coverage
begins, although this does not become continuous
until �2 km downglacier from EBC, after which it
thickens downstream to become >2 m thick at the
terminus.

The higher velocity at EBC quickly diminishes
downglacier with rapid changes occurring at the
�6.5 km mark (4 km upglacier from the terminus)
at an elevation of �5000 m, where velocity
decreases from 8 to 2–4 m a–1 (Fig. 5g). This is

within error limits, so it is likely that the lowermost
�4 km of the Khumbu Glacier is mainly stagnant.
At the transition point there is a noteworthy increase
in the number and size of supraglacial lakes
compared with the upper ablation zone, possibly
indicating high surface ablation and low hydraulic
connectivity between supra- and subglacial zones
(Fig. 6). Glacier thickness at the transition point
averages �100 m, but quickly diminishes to �20
m at 2 km from the terminus (Nakawo et al. 1999;
Gades et al. 2000).

Discussion
Our velocity results from two large debris-covered
mountain glaciers show broadly similar patterns,
with peaks near icefalls and where tributaries enter
the main glacier trunk, and a general reduction
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Fig. 6. ASTER images showing the final 2 km of the Khumbu Glacier with formation of new lakes and associated terminus velocity
from (a) 20 Dec., 2001, (b) 08 Jan., 2003, (c) displacement map from (a) and (b), (d) 21 Nov., 2002, (e) 23 Oct., 2003, (f) displacement
map from (d) and (e), (g) 23 Oct., 2003, (h) 10 Nov., 2004, (i) displacement map from (g) and (h), (j) 10 Nov., 2004, (k) 13 Nov.,
2005, (l) displacement map from (j) and (k), (m) 23 Jan., 2006, (n) 19 Jan., 2007, (o) displacement map from (m) and (n), (p) 19 Jan.,
2007, (q) 06 Jan., 2008, and (r) displacement map from (p) and (q).
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in velocity with distance downstream. However,
patterns in the lowermost reaches are quite
different, with the near-stagnant lower Khumbu
Glacier contrasting with an active lower terminus
of Tasman Glacier that is flowing up to an
order of magnitude faster and has accelerated
recently. Given the extensive previous work on these
glaciers, it is useful to compare our results with
historical measurements to understand the long-
term evolution of these ice masses.

Comparison with previous studies on Tasman
Glacier

On the upper Tasman Glacier above the Hochstetter
Icefall, there are no velocity measurements
available prior to 2002. However, since then,
velocity measurements at the Rudolph Glacier
Confluence, MidAblation and Hochstetter Icefall
Confluence transects (Fig. 2a) by Quincey and
Glasser (2009) in 2002 and 2006–2007 were very
close to ours in the same years (Fig. 3). The 2010–
2011 velocities determined by Redpath et al. (2013)
at the MidAblation transect are also identical to
our nearest measurements within error limits. A
comparison of mean velocities just below the Ball
Glacier confluence with field data collected by
Kirkbride (1995) suggests a slowdown over time,
from �81 m a–1 in 1986, �80 m–1 in 2002, �76
m a–1 in 2006–2007 and 2009–2010, and �63 m
a–1 in 2012–2014. Overall, these measurements
are suggestive of an average slowdown of �10–
20% over much of the upper half of the Tasman
Glacier ablation zone since 2002, although this
is spatially variable, with stronger slowdowns at
the Rudolph Glacier Confluence and Ball Glacier
Confluence, a slight slowdown at the Hochstetter
Icefall Confluence, and little to no significant
change at the MidAblation transect.

At the terminus, Kirkbride (1995) states that
the velocity was �55–60 m a–1 in 1890, 20–
25 m a–1 in 1965, and 15–20 m a–1 in 1986.
However, all of these locations are now occupied
by the proglacial lake, making direct comparison
with modern measurements impossible. To enable
comparative analysis, a new transect near the 2014
terminus was created to encompass all previous
time series data (Fig. 3). In 1995, the velocity at
a transect 2 km upglacier from the terminus at that
time was 24 m a–1 (Kirkbride and Warren 1999)
compared with �20–30 m a–1 in 2002 and 2006–
2007, and �40 m a–1 in 2009–2010 and 2012–
2014. Prior to 2002, several studies indicated that
the tip of the terminus was somewhat stable and

only undergoing slow retreat with no measurable
velocity (Kirkbride 1995; Kääb 2002; Quincey and
Glasser 2009). In comparison, the velocity at the
tip of the terminus is �40 m a–1 today.

From these comparisons, it is clear that velocity
at the terminus of Tasman Glacier has shown a
steady increase over the past few decades, changing
from near stagnation in the mid-1980s to up to
40–50 m a–1 since 2010. Most of this acceleration
occurred in the 2000s, during the rapid growth of
the large proglacial lake (Fig. 4). This lake was
first outlined by Kirkbride (1993) using 1957 aerial
photography, and from the observations provided in
the Results section it is clear that it underwent rapid
expansion between 2002 and 2006–2007 as the
lowermost �2 km of the glacier terminus broke up.
There are several possible factors that could have
triggered this acceleration, such as an increase in
surface gradient of the glacier, increased buoyancy
due to negative surface mass balance over the last
few decades, and/or changes in basal lubrication
due to lake water intrusion (Röhl 2008; Quincey
and Glasser 2009; Dykes et al. 2011; Chinn
et al. 2014). While we are unable to determine
which of these factors was most important for
Tasman Glacier, similar velocity increases have
been observed at other glaciers which terminate
in tidewater in response to thinning and retreat of
the terminus, although the mechanisms responsible
for the acceleration of those glaciers are not clear
either (e.g. Columbia Glacier, Alaska; Van der Veen
1996).

Based on the retreat patterns observed at other
tidewater glaciers, it seems likely that retreat of
the Tasman Glacier and enhanced velocities will
continue until the terminus can stabilize in shallow
water. Kirkbride and Warren (1999) estimated that
�50% (15 km) of the 1986 glacier length was
vulnerable to calving. As of 2014, the terminus has
retreated >5 km from the 1986 location, suggesting
that calving will likely continue in the coming
decades unless there is a large-scale shift in glacier
mass balance.

Comparison with previous studies on Khumbu
Glacier

On the upper Khumbu Glacier near EBC, velocities
measured between 1973 and 1974 by Kodama and
Mae (1976) were �50–70 m a–1 compared with
measurements of �60 m a–1 in 2000–2001 by Bolch
et al. (2008a) (Fig. 7). Our 2002–2003 velocity of
�50 m a–1 is 10–20 m a–1 slower than what was
measured in 1973–1974, but similar to the Nakawo
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Fig. 7. Maximum average velocity for cross-sections of the Khumbu Glacier as shown in Fig 5a with associated error bars. Note: *
marked in figure denotes no information about errors in the measurement.

et al. (1999) measurement of 50 m a–1 carried out
using 1987 and 1993 SPOT HRV panchromatic
images. Measurements by Scherler et al. (2008)
in the same area in 2004 and 2005 showed little
overall change in annual velocity.

Velocities in the Gorak Shep area, �5 km
downglacier from EBC, were measured in 1973–
1974 by Kodama and Mae (1976) to be in the range
of 30 m a–1, which is roughly 10 m a–1 higher than
the velocity measured at the same point by Nakawo
et al. (1999) between 1987 and 1993 (Fig. 7). Our
results show inter-annual velocity variation up to 5
m a–1 between 2001 and 2008 at this location, with
an average velocity of �12 m a–1 (Figs 5g and 7).
Overall for the EBC and Gorak Shep transects it
appears that there was a general slowdown between
1973–1974 and the 1990s of up to �25%, although
there has not been a significant trend in velocity
patterns since then.

Motion across the lower terminus of Khumbu
Glacier was generally not detectable beyond the
error limits of our method. This matches the
patterns seen by other studies since the 1970s,
such as Kodama and Mae (1976), Nakawo et al.
(1999) and Quincey et al. (2009) (Fig. 7). A
distinct reduction in flow speed recorded by our
measurements at 6.5 km on the long profile
(Fig. 5g) can also be seen in the profiles completed
by Scherler et al. (2008) and Nakawo et al. (1999).
It therefore appears that there is a sudden shift
in driving mechanisms to trigger a switch from
active flow to no flow at this point. According to
Bolch et al. (2008b), downwasting of >0.5 m a–1

is seen at this location, with regions upglacier and
near the terminus having less, but still significant,
downwasting.

On the stagnant lower terminus, supraglacial
debris thickness appears to have increased

significantly in the past few decades, along with
overall surface downwasting and the total number
and average size of supraglacial lakes (Sakai et al.
2000; Bolch et al. 2011; Nuimura et al. 2012).
There is a possibility that if this trend continues,
the terminus of Khumbu Glacier will become a
dead ice zone, allowing it to behave like a rock
glacier or form a large proglacial lake, as predicted
by Naito et al. (2000). This could create the
potential for high-risk glacial outburst floods and
accelerate losses of the remaining glacier due to
higher melting and calving (despite the presence
of a thick supraglacial debris cover), a process
which has caused the development of Imja Tsho,
a proglacial lake in front of nearby Imja Glacier.
As of 2014, this lake was �2 km long, �0.5 km
wide, and covered an area of �1 km2. Velocity
data for Imja Glacier exist for the years of 1996
(Hambrey et al. 2008), 1996–1998 (Quincey et al.
2009), and 2001–2003 (Bolch et al. 2008a), and
all indicate that it flows under �10 m a–1 along its
entire length. Hambrey et al. (2008) reported that
the lower part of Imja Glacier was inactive in March
1996, similar to the lowermost �4 km of Khumbu
Glacier.

Conclusions
Our velocity results describe two glaciers in
different mountain ranges with a velocity structure
across their middle and upper ablation zones
regulated primarily by their respective icefalls,
with velocities gradually decreasing (by �10–20%)
over the past few decades. This is in line with
other studies which have reported reductions in ice
motion across mountain valley glaciers in response
to long-term negative surface mass balance in
locations such as Alaska, Patagonia, Canadian
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Arctic, Caucasus, Pamir and the European Alps
(Heid and Kääb 2012a; Vincent et al. 2009).
This is probably because negative surface mass
balances have resulted in long-term reductions in
ice thickness, which in turn have reduced driving
stresses.

In contrast, velocity trends at the termini of the
Tasman and Khumbu glaciers have shown very
different patterns over the past few decades, with
the Khumbu remaining essentially stagnant and the
Tasman speeding up. These two glaciers provide
a good case study of the variability in dynamic
response at their termini due to recent negative
mass balances and accelerated thinning (Quincey
and Glasser 2009; Bolch et al. 2011; Dykes et al.
2011; Nuimura et al. 2012). In the case of the
Khumbu, thinning has resulted in an increase in
debris thickness and stagnant ice, while in the
case of Tasman Glacier, thinning has resulted in
the formation of a large new proglacial lake and
acceleration of previously near-stagnant ice at the
terminus, producing a feedback mechanism by
which further rapid disintegration of the glacier
may occur. The process of terminus acceleration
due to floatation was also predicted by Kirkbride
and Warren (1999), who pointed out that terminus
calving at Tasman Glacier in the late 1990s was
unusually slow for the water depth of up to 130
m measured at that time. Now that near-terminus
acceleration has started, growth of the proglacial
lake is likely to continue as �15 km of the glacier
length (50% of its 1986 length) is grounded below
the lake level and therefore prone to calving. It is
also possible that rapid terminus retreat and higher
velocities in the lower ablation zone of Khumbu
Glacier could occur if a similar lake forms there.
However, Imja Tsho, the best current analogue
for the form that a proglacial lake might take at
Khumbu Glacier, is currently <15% of the size of
the Tasman proglacial lake, and does not appear to
have had a significant influence on the velocity of
nearby Imja Glacier.
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