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ABSTRACT. The recent dynamic behaviour of Karakoram glaciers is expected to differ from that shown
by glaciers in the central and eastern Himalaya because of regional variations in precipitation and
temperature trends. However, there are insufficient quantitative data to support or confute such
hypotheses. We present velocity data covering the period 1993–2008 for Baltoro Glacier, one of the
longest glaciers in the Karakoram. Velocity measurements were made using cross-correlation feature
tracking applied to European Remote-sensing Satellite (ERS-1 and -2) and Envisat advanced synthetic
aperture radar (ASAR) data, supplemented by differential global positioning system (DGPS) measure-
ments. We find a gradual acceleration of the glacier during the early 2000s, in particular during winter
months. Multi-seasonal data reveal a large difference between summer and winter flow characteristics,
but only in the upper ablation zone. Summer 2005 was a particularly dynamic period following from the
heavy winter snowfall of 2004, indicating the importance of basal meltwater availability for glacier flow.
Transverse velocity profiles indicate that Baltoro Glacier undergoes ‘block’ flow across much of the
upper ablation zone during the summer, which we interpret as evidence of widespread basal sliding. The
DGPS data confirm the rapid increase in flow detected during 2005. Modelled climatic data reveal
decreasing summer temperatures and increasing precipitation over the study period, helping to explain
the observed dynamic variations and their differences from glaciers elsewhere in the Himalaya.

INTRODUCTION
Reports of mountain glacier recession in response to
sustained climatic warming are widespread, with some of
the most extensive areas of stagnant, downwasting ice being
observed in parts of the eastern Himalaya (Bolch and others,
2008; Quincey and others, 2009). However, patterns of
climate warming are not uniform, and the western Himalaya
appears to be a region not conforming to the global trend
(Yadav and others, 2004). Indeed, climate data for the period
1961–2000 show a reduction in mean and minimum
summer temperatures (Fowler and Archer, 2006), and an
increase in winter mean and maximum temperature coin-
cident with an increase in winter snowfall (Archer and
Fowler, 2004). Oxygen isotope data derived from tree-rings,
largely indicative of winter precipitation, also suggest that
the 20th century was the wettest period in the mountains of
northern Pakistan of the past 1000 years (Treydte and others,
2006). Consequently, some Karakoram glaciers have been
observed to be thickening and advancing (Hewitt, 2005).

The Karakoram is home to several of the highest
mountains in the world, including K2. Extreme topography
such as this enables the formation of large, dynamic glaciers
(Kerr, 1993); indeed four of the longest Asian glaciers (Biafo,
Siachen, Sarpo Laggo and Baltoro) descend from the K2 and
Gasherbrum groups (Mayer and others, 2006). The long-
term dynamics (mass balance, horizontal and vertical
fluctuations, ice flow) of these glaciers reflects regional
climatic conditions (Dyurgerov and Meier, 2000), although
the short-term relationships are unclear due to the paucity of
climate station data, particularly at high elevations (Fowler

and Archer, 2006). Modelled climate data therefore provide
the only realistic means of estimating past precipitation and
temperature data for the Karakoram, and are particularly
appropriate for use on a regional scale (Uppala and others,
2005).

The short-term dynamic response of Karakoram glaciers is
often inhibited by their thick surface-debris cover, which has
an insulating effect on ablation (Benn and Lehmkuhl, 2000).
However, rapid changes in flow characteristics, in particular
glacier surges, have been widely noted in the region (Hewitt,
1969, 2005, 2007). It has been shown that the flow of valley
glaciers can fluctuate on seasonal and annual timescales,
and that motion is often linked to variations in water supply
to the subglacial drainage system (Willis, 1995; Kavanaugh
and Clarke, 2001; Purdie and others, 2008). However, there
is a paucity of such information for the Karakoram. Useful
measurements of glacier velocity have been derived from
point-based GPS data and the manual tracking of surface
features across sequential imagery (Mayer and others, 2006).
Automated feature tracking has also been used (Copland and
others, 2009), but without linkage to short- or long-term
climatic variations.

Our aim is to build on this previous work and to examine
the spatial and temporal variability in surface velocity
exhibited by Baltoro Glacier, one of the longest non-polar
glaciers in the world. Using robust cross-correlation feature-
tracking algorithms (e.g. Strozzi and others, 2002), spatially
comprehensive seasonal and annual velocity fields are
presented from the mid- to late 1990s through to early
2008. These remote-sensing data are complemented and
supported by two sets of field-based measurements from the
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summers of 2004 and 2005, periods of particularly
interesting dynamical behaviour. Modelled climate data
(European Centre for Medium-Range Weather Forecasts re-
analysis, ERA-40) are presented for the period 1958–2001,
showing temperature and precipitation trends on a seasonal
scale. The controlling parameters on long-term glacier flow
are discussed within the context of the modelled meteoro-
logical data, and the possible controls on short-term surface
velocity fluctuations are explored.

STUDY AREA AND RELEVANT PREVIOUS WORK
Baltoro Glacier
Baltoro Glacier descends from the western face of K2
(8611ma.s.l.) via Godwin Austen Glacier, and terminates
approximately 63 km down-valley at an elevation of
�3500m. It is fed by one other major tributary, Baltoro
South Glacier, which itself descends from the Gasherbrum
group of peaks (maximum elevation 8080m) via Abruzzi
Glacier (Fig. 1). A number of small debris-covered tributaries
join the main glacier tongue along its northern and southern
margins, some of which exhibit surge-type characteristics
(Diolaiuti and others, 2003), although there is no evidence
that Baltoro Glacier itself surges.

The wider Karakoram climate is strongly influenced by
troughs of low pressure in the westerly circulation (Lüdecke
and Kuhle, 1991), leading to maximum precipitation during
winter and spring months (Archer and Fowler, 2004), and by
monsoonal incursions, which bring a small amount of
additional summer precipitation. In the specific case of
Baltoro Glacier, climatic variables are strongly influenced by
topography: precipitation rates increase with altitude such
that almost all precipitation above the equilibrium line
(around 5500m) falls as snow (Mayer and others, 2006), and
on a local scale, ablation rates are influenced by slope and
aspect as well as elevation (Mihalcea and others, 2006).

The upper reaches of Baltoro Glacier are largely debris-
free, but downstream of the equilibrium line the debris cover

becomes increasingly thick and extensive. At the confluence
between the Godwin Austen and Baltoro South tributaries,
known as Concordia (�4600ma.s.l.; Fig. 2a), approximately
70% of the glacier surface is buried by a thin layer (5–15 cm)
of debris. At around 4100m (Urdukas), the debris cover is
almost 100% and is 30–40 cm thick, whereas the debris is
up to 1m deep close to the glacier terminus (�3450ma.s.l.;
Mihalcea and others, 2008). Semi-permanent surface melt-
water ponds punctuate the debris cover across the lower
ablation area (Fig. 2b), occasionally reaching sizes of
�100�100m or more. Water discharge from the glacier
occurs primarily via a single outlet at the glacier terminus,
where large volumes of very heavily debris-laden subglacial
water are released in the summer (Fig. 2c). According to
historical data, the glacier terminus position has gently
fluctuated since 1913, with a 200m advance in the early
20th century, followed by a similar recession since 1954.
Repeat photographs suggest that there has been negligible
surface thickening or downwasting over this same period
(Mayer and others, 2006).

Previous velocity measurements in the Karakoram
There have been several previous measurements of seasonal
ice velocity variability in the Karakoram, predominantly
focusing on the largest glaciers in this region. For example,
on Batura Glacier, the Batura Glacier Investigation Group
(1979) used a combination of terrestrial stereophotography
and control survey to measure the surface motion across the
ablation area of the glacier at a total of 129 locations in 1974/
75. They found average velocities of�100ma–1, with a peak
of 517.5 m a–1. Velocities were higher from June to
September than the mean annual rate, although typical
summer increases were <20%. In contrast, the motion at the
glacier terminus varied little between summer and winter.

On Biafo Glacier, Hewitt and others (1989) used a
theodolite to measure the position of a network of nine
stakes across the middle of the glacier’s ablation area in
1985/86, with summer velocities of 128–226 m a–1. Winter

Fig. 1. Baltoro Glacier, with major peaks, tributary glaciers and profile locations (in yellow) highlighted.
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velocities were only recorded at two stakes, although these
measurements indicated that the glacier moved about half as
fast in the winter as in the summer. Copland and others
(2009) used satellite image feature tracking to determine
velocities over the period 2006–07 at these same locations,
and found that annual motion was consistent with the earlier
measurements (within error limits).

Previous measurements on Baltoro Glacier
In summer 2004, a combined Italian/German expedition
performed extensive measurements across the ablation zone
of Baltoro Glacier, assessing the production of meltwater on
debris-covered glacier tongues (Mayer and others, 2006).
Ablation was measured at more than 50 stakes spread across
the central part of the ablation area from 4000m up to
5000m. At 32 of these stakes, the surface velocity of the
glacier was also determined by repeated differential global
positioning system (DGPS) measurements (Mayer and
others, 2006). Maximum velocities of 214ma–1 were found
close to Concordia, while typical summer velocities of
�100ma–1 were recorded across most of the rest of the
central ablation area. In contrast, annual velocities derived
from manual feature tracking showed values approximately
half of the measured summer velocities. This large seasonal
velocity variation was attributed to strong basal sliding, at
least during the summer months.

Copland and others (2009) measured annual velocities
over the lowermost 13 km of Baltoro Glacier using feature
tracking of 2006–07 Advanced Spaceborne Thermal Emis-
sion and Reflection Radiometer (ASTER) satellite scenes,
with velocities ranging from �75ma–1 near the upper part
of the study region (around Urdukas; Fig. 1) to <15ma–1

close to the glacier terminus. Transverse velocity profiles

showed strong lateral shearing indicative of basal sliding at a
distance of �12 km from the glacier terminus, but transverse
profiles more indicative of internal deformation �5 km from
the terminus. Comparison with summer DGPS measure-
ments indicated that summer speed-ups occurred close to
the upper transverse profile, but there was little evidence for
summer speed-ups close to the lower transverse profile. This
lack of seasonal velocity variations in the near-terminus
region is similar to that described by the Batura Glacier
Investigation Group (1979; see above).

DATA AND METHODS

ERS-1 and -2 and Envisat ASAR
The European Remote-sensing Satellites have provided the
glaciological community with fine-resolution radar data
since the launch of ERS-1 in 1992. More recently, the launch
of the advanced synthetic aperture radar (ASAR) sensor (on
board the Envisat satellite) has continued the systematic
collection of C-band data (wavelength 5–7 cm), giving a
well-stocked archive for the Karakoram region for the
previous 16 years. In the current study, six ERS-1 and -2
scenes were selected for the period 1992–2000, and eight
ASAR scenes were selected for the period 2003–present. The
resolutions of the raw data were approximately 7.9m
(range)�4.0m (azimuth), equating to 20–30m in ground
range at scene centre. Images were selected to provide pairs
covering annual (single year), summer (March/April to
August/September), and winter (August/September to
March/April) periods (Table 1). All data were selected from
the same orbit, ensuring the minimum spatial baseline and
consistent imaging conditions.

Fig. 2. Baltoro Glacier showing (a) Concordia, the confluence of Baltoro South and Godwin Austen tributaries; (b) the debris-covered tongue
viewed from Urdukas base camp, �14 km up-glacier from the terminus (ice flow is from right to left); and (c) a view of the heavily debris-
covered terminus from the proglacial outwash area.
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Cross-correlation and feature tracking (including
error estimations)
Surface-displacement measurements are made using cross-
correlation feature tracking and are used here as a surrogate
for glacier velocity. Cross-correlation feature tracking relies
on the identification of displaced features across two time-
separated synthetic aperture radar (SAR) images (Lucchitta
and others, 1995). Image patches are defined at a size
commensurate with the feature patterns to be tracked, and
the search area is defined on the basis of the likely
displacement over the imaged period. In the current study,
the windows were sized at 30� 150pixels (pattern size) and
64�320 pixels (search area), equating to �600m and
�1280m, respectively, on the ground. Sampling of the
displacement field was made on a much finer grid (4� 20
pixels, equating to �50m on the ground). The relatively
large window size is necessary to capture sufficient ground
features in the presence of image speckle, and may result in
a degree of smoothing of the displacement fields. However,
the spatial resolution of the technique can be considerably
higher than the window size might imply. This is because the
correlation field does not identify the average displacement
but finds the displacement of the dominant features within
the search window (in terms of area and contrast). Thus
sharp gradients in velocity (e.g. between the glacier and its
lateral moraines) are not problematic.

The cross-correlation method was implemented using a
transformation of the SAR images to spatial frequencies using
the fast Fourier transform (Strozzi and others, 2002). Feature
matches are made based on the peak of the cross-correlation
results and each match is assigned a signal-to-noise ratio
(SNR) calculated from the height of the correlation peak
relative to the average level of correlation. Matches below a
specified SNR (7.0 in the present study) are rejected. Further
noise is removed from the displacement map before
projection in Universal Transverse Mercator (UTM) co-
ordinates by masking areas of shadow and radar layover.

Error in the remaining data is caused by changes in
surface features over time (thereby causing small-scale errors

in the matching) and image distortions introduced by the
processing chain (e.g. projection from SAR to UTM co-
ordinates). Although it is difficult to quantify the error
exactly, previous studies have shown that by using well-
separated image pairs (of the order of a year or more), the
uncertainty in the data can be kept as low as 2–3ma–1

(Luckman and others, 2007). It is possible to validate these
estimates by collecting measured displacement data over
known stable areas; in the current study, the error in the data
was consistently less than �7m a–1 for the annually
separated data, and �11ma–1 for the seasonal (�4–6
months separation) data. Such errors are small compared
with the magnitude of displacement recorded over the
glacier surface, and well within the observed trends in the
seasonal and annual comparisons.

DGPS
DGPS data were collected during the summer months of
2004 and 2005 by two separate field teams.

During the 2004 field season, stake position measure-
ments were performed with Trimble 5700 geodetic GPS
receivers, and differentially corrected using a network of
benchmarks installed at camps along the glacier margin. Ice
velocities were measured at cross-sections at Urdukas, Gore
I, Concordia and across the two main glacier tributaries:
Godwin Austen and Baltoro South (Fig. 1). In addition, a
longitudinal profile was collected along a central flowline
from Urdukas to the highest stake on the Baltoro South
tributary (�4640m). Revisit periods varied from 1day in the
upper elevation areas to 13 days for the cross-profile at
Urdukas (Table 2). Error in the horizontal displacement
recorded over a single day was calculated to be �4ma–1.
For the longest revisit period at Urdukas, the accuracy of the
velocity data is calculated to be better than 0.3ma–1.

During summer 2005, ice-motion data were collected
along the length of Baltoro Glacier from repeated measure-
ment of poles drilled into the ice (upper ablation area), or of
crosses painted on large, stable supraglacial boulders (lower
ablation area). Positions were recorded with a Trimble R7

Table 1. Remote-sensing data used

Date of acquisition Track Frame Date of acquisition Track Frame

ERS-1/2 24 Dec. 1992 377 2887 8 Apr. 1993 377 2887
20 Apr. 1996 2887 25 May 1996 2887
7 Dec. 1997 2887 11 Apr. 1999 2888

ASAR 3 Aug. 2003 377 2886 4 Apr. 2004 377 2886
22 Aug. 2004 2886 24 Apr. 2005 2887
11 Sep. 2005 2887 5 Mar. 2006 2887
16 Sep. 2007 2886 13 Apr. 2008 2886

Annual pairs Summer pairs Winter pairs

8 Apr. 1993–20 Apr. 1996 25 May 1996–7 Dec. 1997 7 Dec. 1997–11 Apr. 1999
3 Aug. 2003–22 Aug. 2004 4 Apr. 2004–22 Aug. 2004 3 Aug. 2003–4 Apr. 2004
4 Apr. 2004–24 Apr. 2005 24 Apr. 2005–11 Sep. 2005 22 Aug. 2004–24 Apr. 2005
22 Aug. 2004–11 Sep. 2005 11 Sep. 2005–5 Mar. 2006
24 Apr. 2005–5 Mar. 2006
11 Sep. 2005–16 Sep. 2007
5 Mar. 2006–13 Apr. 2008

Quincey and others: Ice velocity and climate variations for Baltoro Glacier1064

https://doi.org/10.3189/002214309790794913 Published online by Cambridge University Press

https://doi.org/10.3189/002214309790794913


DGPS unit, with site occupation of �30min per visit and
periods of 6–28 days between revisits (Table 2). Differential
correction was undertaken using the Precise Point Pos-
itioning (PPP) method, or by comparison with base stations
set up in nearby camps (located on bedrock) or in Skardu
(�80 km southwest). Errors in positioning are estimated to be
�6ma–1 for the shortest time interval data and �1.5ma–1

for the longest time interval (28 day) data.

ERA-40 climate re-analysis data
Climate re-analysis data refer to the processing of meteoro-
logical observations by use of a physical model, in which
data are produced in a physically consistent way and inter-
polated to a three-dimensional (3-D) grid. The ERA-40
monthly time-series data represent a second-generation
analysis produced by the European Centre for Medium-
RangeWeather Forecasts, Reading, UK. Although the ERA-40

Table 2. Comparison of DGPS vs satellite-derived velocities. Points 1–14 surveyed by Copland; all other points surveyed by Mayer

Point Field data Feature-tracking data

GPS
latitude

GPS
longitude

GPS
elevation

GPS survey 1GPS survey 2 GPS
velocity

GPS
direction

Annual
2004/05
velocity

Annual
2005/06
velocity

Summer
2004

velocity

Summer
2005

velocity

8 8 m ma–1 8 ma–1 ma–1 ma–1 ma–1

1 35.69366 76.16118 3483.5 25-Jun-05 17-Jul-05 10.3 241.7 No data No data No data No data
2 35.72106 76.23045 3816.4 28-Jun-05 16-Jul-05 38.3 242.1 36.1 33.3 51.0 38.1
3 35.72472 76.23064 3835.2 28-Jun-05 16-Jul-05 44.9 245.9 38.7 44.1 57.7 49.5
4 35.71891 76.23159 3810.5 28-Jun-05 16-Jul-05 19.7 234.9 15.3 24.2 43.1 32.9
5 35.73274 76.28443 3991.2 30-Jun-05 15-Jul-05 91.5 251.8 58.4 75.3 62.3 85.7
6 35.73558 76.28507 3995.8 01-Jul-05 15-Jul-05 117.1 255.5 63.9 75.6 79.1 96.4
7 35.73634 76.30848 4055.1 02-Jul-05 15-Jul-05 135.5 273.9 79.9 84.5 92.0 99.1
8 35.74663 76.40521 4280.5 06-Jul-05 15-Jul-05 245.0 249.9 112.4 132.1 142.6 163.3
9 35.74468 76.40401 4268.2 06-Jul-05 14-Jul-05 239.4 248.7 115.7 120.8 174.2 158.4
10 35.74147 76.51768 4565.3 10-Jul-05 19-Jul-05 168.4 277.7 134.7 149.4 175.9 172.6
11 35.74044 76.52116 4580.4 10-Jul-05 19-Jul-05 159.5 285.7 123.4 136.5 154.4 163.7
12 35.75117 76.52272 4590.5 11-Jul-05 18-Jul-05 125.7 215.8 85.0 97.7 94.5 No data
13 35.79587 76.51830 4774.1 12-Jul-05 18-Jul-05 154.6 177.5 No data No data No data No data
14 35.81586 76.51389 4837.7 12-Jul-05 18-Jul-05 159.2 167.1 124.1 130.8 116.7 No data
c1 35.74326 76.50225 4538.2 08-Jul-04 11-Jul-04 205.0 264.6 155.5 172.2 185.1 209.8
c2 35.74254 76.5022 4538.6 08-Jul-04 11-Jul-04 195.0 264.7 156.2 174.9 185.0 210.5
c3 35.74182 76.50218 4542.3 08-Jul-04 11-Jul-04 191.1 264.5 155.1 179.8 186.6 210.8
c4 35.74116 76.50208 4545.0 08-Jul-04 11-Jul-04 186.0 264.5 144.9 180.2 181.0 206.5
c5 35.74050 76.50202 4522.5 08-Jul-04 11-Jul-04 182.9 264.8 152.9 179.2 183.3 233.2
g1 35.74787 76.36437 4184.1 04-Jul-04 13-Jul-04 72.9 280.5 58.0 76.8 71.5 103.8
g2 35.74350 76.36432 4189.7 04-Jul-04 13-Jul-04 121.7 277.5 75.2 87.5 103.1 115.6
g3 35.73899 76.36373 4178.6 04-Jul-04 13-Jul-04 126.8 274.6 82.5 88.1 102.9 121.1
g4 35.73460 76.36432 4181.7 04-Jul-04 13-Jul-04 124.8 277.5 71.9 98.6 105.7 134.0
g5 35.73039 76.36312 4181.6 04-Jul-04 13-Jul-04 83.9 283.6 54.4 57.8 78.5 94.1
bs1 35.71425 76.54687 4676.0 07-Jul-04 11-Jul-04 141.4 308.6 125.9 135.9 157.2 152.3
bs2 35.72302 76.53747 4638.7 07-Jul-04 11-Jul-04 132.6 326.5 137.6 125.8 138.2 144.0
bs4 35.72373 76.53839 4624.4 07-Jul-04 11-Jul-04 131.4 328.0 121.9 119.1 132.0 142.3
bs5 35.73490 76.52913 4606.2 07-Jul-04 11-Jul-04 131.7 322.6 129.6 131.5 146.9 160.6
u1 35.73075 76.28591 3983.9 02-Jul-04 15-Jul-04 49.9 255.0 61.3 53.1 50.7 59.8
u2 35.73367 76.28544 3984.8 02-Jul-04 15-Jul-04 82.9 255.0 60.6 72.1 71.2 87.9
u3 35.73653 76.28432 3988.7 02-Jul-04 15-Jul-04 95.7 256.6 65.3 74.9 83.9 98.7
u4 35.73984 76.28442 3997.3 02-Jul-04 15-Jul-04 100.3 257.6 79.2 75.1 83.4 96.5
u5 35.74434 76.28348 4007.6 02-Jul-04 15-Jul-04 94.5 257.1 65.7 66.4 77.7 93.6
bno1 35.75079 76.51999 4575.6 11-Jul-04 11-Jul-04 116.8 236.5 100.0 115.1 107.8 No data
bno2 35.76311 76.52181 4638.1 09-Jul-04 11-Jul-04 121.5 193.6 No data No data No data No data
bno5 35.77192 76.51951 4665.3 09-Jul-04 11-Jul-04 120.3 201.6 No data No data No data No data
bno3 35.77328 76.52267 4677.3 09-Jul-04 11-Jul-04 117.3 196.4 No data No data No data No data
bno4 35.77153 76.51837 4670.4 09-Jul-04 11-Jul-04 127.7 197.6 No data No data No data No data
blo1 35.74002 76.31347 4076.3 03-Jul-04 14-Jul-04 120.3 272.2 86.9 80.6 97.6 105.0
blo2 35.73953 76.34159 4261.1 03-Jul-04 14-Jul-04 132.7 279.2 82.1 98.5 114.3 133.6
blo4 35.74416 76.40943 4273.6 05-Jul-04 12-Jul-04 181.9 252.1 116.4 142.1 149.6 167.7
blo5 35.74342 76.42856 4337.1 05-Jul-04 12-Jul-04 185.8 286.0 129.6 148.6 163.5 191.3
blo6 35.73993 76.44192 4368.2 05-Jul-04 12-Jul-04 199.8 291.9 134.7 165.3 179.6 212.5
blo7 35.73699 76.48062 4444.6 08-Jul-04 11-Jul-04 194.8 250.9 142.0 160.0 171.7 208.6
blo8 35.74048 76.4917 4495.3 08-Jul-04 11-Jul-04 213.8 240.9 165.0 193.5 193.9 234.0

Mean 99.9 111.7 121.7 138.5
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model resolution is relatively fine from a global perspective,
it is quite coarse when examining results on spatial scales of
hundreds of kilometres. For this reason, spatial averaging
over the K2 region was used to describe regional climate
fluctuations since the averaging procedure produces statistic-
ally more significant and robust results, although it does not
account for spatial differences in temperature and precipi-
tation resulting from topographic variability within the
region.

A monthly time series was generated for our region to
examine the long-term trends in temperature and precipi-
tation. For temperature, the summer trend was considered
most important, as melting dominates during the summer
ablation season, and despite an increase in winter tempera-
tures observed over our region, they are still below freezing
and have little impact on ablation. The summer mean was
computed by averaging June, July and August temperatures,
and a Gaussian filter was used to produce a low-frequency
trend from 1958 to 2001.

For precipitation, the annual mean data were considered
most important, as snowfall occurs during all seasons of the
year. A seasonal analysis was also performed to determine
which seasons contribute most to the annual precipitation
trend. AGaussian filter was used to produce a low-frequency
trend from 1958 to 2001. The annual precipitation data best
characterize total snowfall and potential accumulation.

Tropical Rainfall Measuring Mission (TRMM)
precipitation data
Regional observational precipitation data were acquired
from the TRMM data visualization and analysis website
(http://lake.nascom.nasa.gov/tovas/). Specifically, the 3B43
V6 rainfall data product was used. This product is con-
sidered the ‘best’ estimate of rainfall based upon satellite
observational data as well as rain gauge data (Huffman and
others, 2007). TRMM estimates of the monthly accumulated
precipitation were employed to generate a spatially aver-
aged time series using 0.258 x 0.258 data. The annual mean
precipitation data from 1998 to 2007 are most relevant to
this study, although we also conducted a seasonal analysis to
better elucidate climate/velocity variations.

RESULTS

Spatial patterns in flow
Derived velocity data demonstrate that Baltoro Glacier is
currently active across its entire ablation and debris-covered
area, with displacements of �15–20ma–1, well in excess of
the estimated noise in the data (�7m a–1), detected
immediately up-glacier of the terminus (Fig. 3). There is a
general pattern of increasing motion with distance from the
terminus, with the maximum velocity just below Concordia.
This maximum of �180ma–1 is located at the peak of a
steep flow gradient (Fig. 3 inset). Up-glacier, the velocity
drops steeply as the profile extends up the Baltoro South
tributary, reaching a maximum of �170ma–1, until the
feature-tracking algorithm is no longer able to track features
reliably over the clean-ice area.

Transverse velocity profiles extracted from annually
averaged data are in agreement with the general trend of
increasing flow with distance from the terminus (Fig. 4). The
lowermost profile (t1) lacks displacement data towards the
glacier margins, but shows uniform velocity across the
glacier width and a gradual reduction in flow with distance
from the centre line. Profiles t2–t5 are of a distinctly
‘blocky’ nature, with little variation in flow speed across
almost the entire width of the glacier, and a rapid decrease

Fig. 3. Average velocity field, 2003–08, derived from six annual pairs (cf. Table 1) and orthoprojected using Shuttle Radar Topography Mission
(SRTM) digital elevation model (DEM) data. Inset: centre-line velocity profile; location as depicted by dashed yellow line in the main image.

Fig. 4. Transverse velocity profiles extracted from annually averaged
data, 2003–08. Profile locations as depicted in Figures 1 and 3.
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in velocity at the glacier margins from rapidly flowing to
almost stagnant ice.

Annual fluctuations (1992–2008)
Annual velocity profiles show a strong consistency in the
spatial variability of flow across the entire glacier snout
(Fig. 5). The greatest consistency is in the lowermost 16 km
of the glacier, where multi-annual profiles largely replicate
one another. Up-glacier, the profiles separate into two
approximate groups: one group reflecting dynamics through
the 1990s to 2004/05; and the second group reflecting
conditions from 2004/05 to 2008. Within the latter group,
velocities during 2005 were greatest, with an apparent
speed-up of �20–25% immediately down-glacier of Con-
cordia compared with earlier measurements. In recent years,
velocities appear to have decreased again, although locally
they remain �15–20% greater than displacements measured
through the 1990s and early 2000s. Up-glacier of Con-
cordia, all profiles display a more consistent pattern, with
very little detectable interannual variability.

Seasonal fluctuations (‘winter’ vs ‘summer’ pairs)
Summer and winter velocity data are in agreement with
previous reports of a strong seasonal velocity gradient on
Baltoro Glacier (Mayer and others, 2006; Fig. 6). There is a
strong consistency in flow profiles for the lowermost 10 km
of the glacier snout, beyond which the summer motion
significantly exceeds winter motion. The greatest differences
are apparent in the area around Concordia, where the
summer velocities exceed the winter velocities by up to
65%. Further up-glacier, the seasonal speed-up is still
evident, with summer velocities consistently exceeding
winter velocities by up to �35%.

A notable feature of the seasonal velocity data is the
apparent speed-up of Baltoro Glacier during winter months
in recent years. Centre-line profiles demonstrate that the
data collected over winter 2007/08 exceed those collected
over winter 2003/04 by as much as 25%, with a gradual
increase in the intervening years (Fig. 6). Again, the greatest
differences are recorded around Concordia, with, signifi-
cantly, little annual variability detectable up-glacier on the
Baltoro South tributary.

Summer-only velocity data confirm a significant speed-up
of the glacier during summer 2005, with velocities exceed-
ing those during the similar period in 2004 by approximately
20% in the area immediately below Concordia.

DGPS measurements (2004 and 2005)
Surface velocities measured by DGPS in summer 2004 are
characterized by a pattern of increasing motion with
distance from the terminus, up to a maximum of
>200ma–1 close to Concordia (Fig. 7; Table 2). Further
up-glacier, measured surface displacements decrease mark-
edly on both tributaries of the main Baltoro tongue, with a
reduction in flow of >50% within 3.6 km upstream of
Concordia. Local velocity increases are also observed, in
particular where main tributaries (e.g. Biarchedi and
Yermanendu Glaciers; Fig. 1) contribute to the ice flux.

Cross-profiles acquired at Concordia, on the Baltoro
South tributary and on the Godwin Austen tributary, are
restricted to the central part of the glacier and therefore
exhibit little lateral variability. In contrast, cross-profiles at
Gore I and Urdukas extend close to the glacier margin,
where the surface velocities are shown to be 40–50% lower
than ice velocities in the middle of the glacier (�70ma–1

compared with �125ma–1 at Gore 1, and �50ma–1

compared with �100ma–1 at Urdukas).
A comparison between DGPS measurements in both

study years indicates that velocities were consistently
higher in 2005 than in 2004 for stakes at nearby locations,
despite the measurements having been made over nearly
identical periods in each summer (Table 2; Fig. 7). For
example, velocities at Gore II were 245.0 and 239.4ma–1

at points 8 and 9 over the period 6–14 July 2005, but
only 181.9ma–1 at a nearby location (blo4) for 5–12 July
2004. Similarly, for the two overlapping points on the
Urdukas transect, measured ice motion was (a) 117.1ma–1

for 1–15 July 2005 (point 6) compared with 95.7ma–1 for
2–15 July 2004 (point u3), and (b) 91.5ma–1 for 30 June–
15 July 2005 (point 5) compared with 82.9ma–1 (point u2)
for 2–15 July 2004. For all these data, ice-flow direction
varied by <3.58 between stake pairs, indicating that
velocity changes cannot be attributed to differences in
flow direction.

Overall, the field measurements from both 2004 and
2005 compare well with the data extracted by feature
tracking (Table 2; Fig. 7 inset), confirming the large seasonal
velocity variations on the glacier as well as the increased
velocities in summer 2005 compared with summer 2004.
For all of the feature-tracking points provided in Table 2,
average annual velocities were �12% higher in 2005/06
than 2004/05, and �14% higher in summer 2005 than in
summer 2004.

Fig. 6. Seasonal centre-line velocity profiles, 1996–2006. Date
format is day/month/year.

Fig. 5. Annual centre-line velocity profiles, 1993–2008. Date
format is day/month/year.
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ERA-40 temperature and precipitation
The ERA-40 summer mean temperature data of 1958–2001
depict a negative summer temperature trend from 1958 to
1990, and a positive trend from 1990 to 2001 (Fig. 8a). This
finding is in general agreement with the work of Archer and
Fowler (2004), although their analysis was based upon linear
regression. The increase in temperatures during the 1990s
suggests an increased influence of the southwest monsoon,
possibly related to El Niño, which would have brought in
warmer air currents, thereby increasing precipitation during
the summer. Our seasonal analysis of ERA-40 summer
precipitation trends indicates increasing precipitation during
the 1990s.

The ERA-40 mean annual precipitation trend is positive
from 1970 to 1990, and negative during the 1990s (Fig. 8b).
Seasonal analysis indicates that the positive trend is primar-
ily due to precipitation during the spring (westerlies) and
summer. Other seasons show a negative trend during this
time frame. Collectively, the precipitation and summer
temperature trends support the interpretation of positive
mass-balance conditions from 1970 to 1990. The negative
trend in the 1990s is partially confirmed in the TRMM
precipitation time series (Fig. 8d). Furthermore, a positive
trend in summer precipitation from 1970 to 2001 demon-
strates the potential influence of the summer monsoon given
the temperature trend (Fig. 8c). Over this region, the

Fig. 8. (a) Mean summer temperature, (b) mean annual precipitation, and (c) mean summer precipitation, all derived from ERA-40 re-
analysis data. (d) Mean annual precipitation, derived from TRMM estimates.

Fig. 7. DGPS data collected during summer 2004 and summer 2005 field seasons. Inset: summer 2004/05 velocity profiles in grey, with field
measurements for comparison.

Quincey and others: Ice velocity and climate variations for Baltoro Glacier1068

https://doi.org/10.3189/002214309790794913 Published online by Cambridge University Press

https://doi.org/10.3189/002214309790794913


westerlies provide the majority of the precipitation, and
summer precipitation can also come from the westerlies. It is
expected, however, that an increase in summer precipitation
from the westerlies is associated with a decrease in
temperatures.

TRMM precipitation
The TRMM mean annual precipitation data reveal a
decrease in precipitation in the late 1990s, and non-linear
smoothing reveals a positive trend from 2000 to 2005,
followed by a negative trend (Fig. 8d). The highest annual
accumulation occurs from 2003 to 2006. Consequently, the
region experiences increases in precipitation during differ-
ent time frames, due to variations in the influence and
magnitude of the westerlies and the summer monsoon.
Collectively, increases in annual precipitation and decreas-
ing summer temperatures indicate that Baltoro Glacier is
accumulating more mass at higher altitudes. It is important
to note, however, that the region lacks direct mass-balance
data, and that the spatio-temporal variations in ablation and
snow accumulation are highly governed by multi-scale
topographic influences.

DISCUSSION
Several glaciers in the Karakoram are reported to have been
thickening and advancing since the mid- to late 1990s
(Hewitt, 2005), in contrast to the trends of stagnant ice and
surface downwasting observed in most other areas of the
Himalaya (Berthier and others, 2007; Bolch and others,
2008; Quincey and others, 2009). Modelled climate data
presented here indicate that, in recent years, accumulation
at high altitude has increased in the Karakoram, leading to
positive mass balances and, ultimately, ice thickening and
advance. In the specific case of Baltoro Glacier, field
observations, centre-line velocity profiles presented here
and by Copland and others (2009), surface topographic
information, and observed glacier morphology all indicate
that it is currently gaining mass. There is only modest
evidence of frontal fluctuations (Mayer and others, 2006;
Belò and others, 2008), but this is unsurprising given the
estimated glacier response time, which is of the order of at
least several decades for such a large ice mass (cf.
equation (1b) of Jóhannesson and others (1989)).

In general terms, the pattern of linearly increasing flow
with distance upstream from the terminus is typical of
debris-covered glaciers observed elsewhere in the wider
Himalaya (e.g. Scherler and others, 2008; Quincey and
others, 2009). In several places, the velocity profile is
complicated by the contributions of smaller tributary
glaciers to the main Baltoro tongue, as well as the varying
valley morphology. For example, the confluence of the two
major glaciers at Concordia is one of the most interesting
parts of the velocity profile, with the steep increase in flow
clearly related to the convergence of the two masses. The
decrease in flow immediately down-glacier is equally as
steep, however, perhaps reflecting the wide valley morph-
ology at this point. Similarly, another area of locally
decreased flow, at around 19 km from the terminus, appears
to reflect wide valley walls before the tributary of
Yermanendu Glacier constricts the main glacier tongue
again, increasing the velocity profile accordingly.

These general flow patterns are repeated year-on-year
across the glacier surface, but with varying magnitude.

Medium-term (i.e. >5 years) patterns in flow are likely to
reflect local climatic trends, but validating such linkages is
difficult. There is a general paucity of climate station data
available in the Karakoram, particularly at high elevations.
Modelled climate data are therefore a useful source of
precipitation and temperature information (Radiá and Hock,
2006). However, their accuracy is dependent upon the
quality of observational data (coverage and volume), model
parameterization schemes, and data assimilation methods.
Several investigations have indicated concern associated
with using ERA-40 re-analysis data (e.g. Allan and others,
2004; Bengtsson and others, 2004; Hagemann and others,
2005), particularly because regional biases in temperature
and precipitation are known to occur. The regional bias for
the Himalaya does not tend to vary seasonally, but positive
precipitation biases have been found and appear to be more
pronounced in the summer (Hagemann and others, 2005).

A number of studies have attempted to validate ERA-40
data specifically for assessing climate trends and glacier
response to climate in high-altitude environments. Strong
correlations between observed and modelled precipitation
and temperature data have been found in alpine Switzerland
(Kunz and others, 2007), the French Alps (Martin, 2004) and
alpine Sweden (Radiá and Hock, 2006). There is no long-
term climate station record for the high-altitude K2 region,
other than that of the Skardu valley climate station at a much
lower altitude. Consequently, there are no representative
observational data to compare with ERA-40. Observational
estimates of precipitation are available from TRMM data of
the region from 1998 to 2001. There is good correlation
between the two time series, indicating the reliability of our
ERA-40 precipitation data. Furthermore, ERA-40 tempera-
ture trends correspond well with regional climate station
temperature trends reported by Fowler and Archer (2006),
indicating the ERA-40 temperature data are also of good
quality.

Our seasonal analysis of ERA-40 data indicates that
winter precipitation increased from 1958 to the early 1970s,
and then decreased systematically. These data suggest that
the medium-term speed-up of Baltoro Glacier is related to
the increase in spring precipitation from the westerlies from
1970 to 1990, as precipitation rates are much higher than in
winter, and the increase in precipitation during the summer
can also add to the overall accumulation. For more recent
years, seasonal analysis of TRMM data indicates an increase
in winter precipitation from 1998 to 2006. An increase in
precipitation also occurred during spring months from 2000
to 2006, with more accumulation observed in spring vs
winter. In contrast, a decrease in summer precipitation was
found for this time period. Therefore, increasing precipi-
tation from the westerlies during the winter and spring may
explain the non-summer speed-up of Baltoro Glacier since
the mid-1990s.

Previous work has also shown statistically significant
increases in winter and summer precipitation in the Kara-
koram since the early 1960s (Archer and Fowler, 2004),
although widespread mass loss was observed in Karakoram
glaciers for the majority of the 20th century, until the mid-
1990s (Yao and others, 2006; Hewitt, 2007). The frequently
heavy debris cover of these glaciers is likely to have
provided a muted response to climatic effects (Benn and
Lehmkuhl, 2000), and it is possible that recent changes are a
symptom of the lag-time associated with the surface cover.
As stated, simple response time theory (e.g. Jóhannesson,
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1989) suggests that geometric changes on Baltoro Glacier
may be possible from mass-balance perturbations on the
timescale of decades, and modelling studies elsewhere have
shown that rapid areal and volumetric changes (albeit
recessional) can take place under certain temperature–
precipitation scenarios (e.g. Oerlemans and others, 1998).
Nevertheless, glacier expansion in the Karakoram has
occurred on a temporal scale less than the estimated
response time of Baltoro Glacier. It has also occurred non-
uniformly (Hewitt, 2005), indicating that factors other than,
or in addition to, changing mass balance are influential in
changing glacier velocities over the longer term.

The sudden speed-up of Baltoro Glacier observed during
summer 2005 is an interesting departure from the gradual
trend of increasing flow in recent years, and supplies
evidence for meltwater playing an important role in glacier
flow. Fluctuations in surface velocity have long been linked
to the volume of meltwater available to the subglacial
drainage system (Willis, 1995; Kavanaugh and Clarke, 2001;
Purdie and others, 2008), particularly in cases where sliding
is the predominant flow mechanism. Weather during the
winter of 2004/05 was particularly anomalous in this region,
with the international media reporting periods of record cold
and prolonged snowfall that produced the deepest accumu-
lations for decades, resulting in the burial of entire villages,
emergency air drops of food supplies, >1000 deaths from
hypothermia, house collapses and widespread avalanching
(www.unicef.org/infobycountry/pakistan_25386.html;
http://edition.cnn.com/2005/WORLD/asiapcf/02/24/asia.
cold.snap). TRMM results presented here confirm that
accumulation has been increasing in the region since
2000, and seasonal analyses show the precipitation increase
has been particularly strong during winter months.

Our data indicate that, in the specific case of summer
2005, the rapid melting of the deep winter snowpack is
likely to have introduced large volumes of meltwater to the
glacier bed, thus increasing water pressure in subglacial
channels and conduits that were not sized for such
anomalously large water flows. In turn, this would have
led to increased basal sliding and surface ice motion (cf.
Kavanaugh and Clarke, 2001). At Concordia in particular,
there are many large and deep supraglacial streams in the
summer, especially where Baltoro South and Godwin
Austen glaciers join. These streams are large enough to
make navigation between these glaciers difficult, and field
observations in summer 2005 indicate that they descend to
the glacier bed via moulins a few kilometres downstream of
Concordia. These moulins coincide with the start of the
locations where the highest overall velocities are recorded
(Fig. 3), and where the most marked speed-ups occurred in
summer 2005 (Fig. 6). Overall, therefore, it is possible that
the flow regime of the glacier is heavily influenced by both
long-term mass variations and periodic summer meltwater
availability.

Previous work on the seasonal variability in flow of
Baltoro Glacier concluded that basal sliding plays a major
part in ice transport (Mayer and others, 2006). Data
presented here support this assertion, at least for the upper
parts of the ablation area where the difference between
summer and winter velocities is at its greatest. Up-glacier
transverse velocity profiles are also indicative of a dom-
inantly sliding flow regime, with their ‘blocky’ nature
indicating the down-glacier movement of ice en masse,
termed elsewhere as plug flow (Kick, 1962). The strong

consistency of summer and winter profiles in the lowermost
10 km of the glacier tongue indicates that deformation
dominates there, rather than basal sliding. Similar conclu-
sions were reached by Copland and others (2009).

CONCLUSIONS
The seasonal and temporal variability in surface ice motion
exhibited by Baltoro Glacier over a 15 year period has been
quantified by a combined field and remote-sensing based
approach. The two datasets are highly complementary, with
point-based field data revealing local variations in flow over
short periods and image-based feature tracking providing
glacier-wide flow fields over longer temporal windows. These
data demonstrate that Baltoro Glacier is very active, even
immediately up-glacier of its terminus. The highest surface
velocities occurred during summer 2005, following a peak in
precipitation the previous winter. These data indicate that the
flow regime of the glacier is heavily influenced by meltwater
availability as well as local-scale mass variability. Further-
more, large seasonal velocity gradients indicate a flow regime
dominated by basal sliding, at least in parts. Winter velocities
reveal a gradual speed-up of the glacier year-on-year since
2003, implying a glacier in positive mass balance, which is
supported by our climate data showing increasing accumu-
lation in the region since 2000.

In the wider Himalayan context, the Karakoram is
certainly anomalous, at least because the glaciers here do
not show evidence of stagnation over their lower reaches
(Copland and others, 2009). However, the finer spatial and
temporal variabilities in glacier dynamics in this region
remain poorly understood, and their anticipated impact on
water resources is largely unknown. Further work is required
to establish the degree to which reported positive mass
balances and glacier acceleration in the region have resulted
in ice thickening (or possibly thinning, in response to
extension) and terminal fluctuations. With information on
both horizontal and vertical surface changes, the accurate
modelling of glacier responses to continued climatic forcing
should become possible, and the implications for water
resources better understood.
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