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Slight mass gain of Karakoram glaciers in the early

twenty-first century

Julie Gardelle'*, Etienne Berthier? and Yves Arnaud?

Assessments of the state of health of Hindu-Kush-Karakoram-
Himalaya glaciers and their contribution to regional hydrology
and global sea-level rise suffer from a severe lack of
observations'. The globally averaged mass balance of glaciers
and ice caps is negative'3. An anomalous gain of mass has
been suggested for the Karakoram glaciers>*-¢, but was not
confirmed by recent estimates of mass balance. Furthermore,
numerous glacier surges in the region that lead to changes
in glacier length and velocity’"" complicate the interpretation
of the available observations. Here, we calculate the regional
mass balance of glaciers in the central Karakoram between
1999 and 2008, based on the difference between two digital
elevation models. We find a highly heterogeneous spatial
pattern of changes in glacier elevation, which shows that ice
thinning and ablation at high rates can occur on debris-covered
glacier tongues. The regional mass balance is just positive at
+0.11+ 0.22 myr~! water equivalent and in agreement with
the observed reduction of river runoff that originates in this
area'?, Our measurements confirm an anomalous mass balance
in the Karakoram region and indicate that the contribution
of Karakoram glaciers to sea-level rise was —0.01mmyr™’
for the period from 1999 to 2008, 0.05 mmyr~" lower than
suggested before™.

The Karakoram mountain range, at the west end of the
Himalayan arc, is covered by ~19,950km? of glaciers®. Even
though glaciological studies are scarce in this region, owing to
remoteness and political issues, it seems that during the past three
decades Karakoram glaciers did not follow the global trend of
glacial decline®. Analysis of satellite imagery over six regions spread
along the Hindu-Kush—Karakoram—Himalaya (HKKH) revealed
that, in contrast to the central and eastern Himalaya where
most glaciers were retreating, more than 50% of Karakoram
glaciers were advancing or stable between 2000 and 2008 (ref. 6).
Furthermore, Fujita and Nuimura'* reported a descending trend
in the modelled equilibrium-line altitude in the Karakoram during
1976-1995. The gradual acceleration of the ice flow of non-
surging Baltoro Glacier during the 2000s is another sign of a
stable or growing glacier'. These results, although they indirectly
indicate a possible mass gain or an equilibrium state for glaciers
in the region, are difficult to interpret because of the occurrence
of surges and complex glacier behaviours®”. For example, the
equilibrium-line altitude and its temporal variations may not
be readily interpreted in terms of glacier health'®, particularly
on surge-type glaciers. Hence, the existence of a Karakoram
anomaly remains controversial and deserves urgent attention®.
In this context, mass-balance data are needed to assess the state
of health of Karakoram glaciers and constrain their contribution
to sea-level rise".
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Figure 1| Study area in central Karakoram. The red dashed line denotes
the extent of the SPOT5 DEM. The background image is a Landsat
Enhanced Thematic Mapper panchromatic mosaic (© USGS 2002). The
names of the main glaciers are also given.

Here, we observe the geodetic mass balance for a 5,615 km?
ice-covered area in the central Karakoram (Fig. 1), study its
spatial variability and estimate the corresponding sea-level rise
contribution. We measured regional changes in ice elevation by
differencing two digital elevation models (DEMs) generated from
the February 2000 Shuttle Radar Topographic Mission (SRTM)
and from Satellite Pour 'Observation de la Terre (SPOT5) optical
stereo imagery acquired in December 2008. Mean elevation changes
are then converted into mass balance by assuming a density of
900kgm™ both in the accumulation and ablation areas. This
assumption, derived from Sorge’s law'’, is valid if the density
vertical profile remains unchanged during the study period.

It is crucial to ensure that all systematic biases potentially affect-
ing the DEMs have been removed before computing the glacier mass
balance. This includes the correction of horizontal shifts between
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Figure 2 | Map of glacier elevation changes between February 2000 and December 2008. Grey polygons correspond to the glacier outlines (thick black
polygons correspond to edge glaciers that were excluded from the mass-balance computation). The total ice-covered area is 5,615 km?2. The black triangles
represent glaciers in a surge phase; black circles represent glaciers in a post-surge or quiescent phase. The dashed black box defines the area shown in
Supplementary Fig. S1. 41% of elevation changes do not exceed 5 m. Elevation differences off-glaciers are shown in Supplementary Fig. S4.

the DEMs, along/across-track or elevation-dependent biases, as
well as C-band penetration into snow and ice in the case of
the SRTM DEM and a seasonality correction to cover nine full
12-month periods from December 1999 to December 2008 (see
the Methods section).

The mean annual glacier mass balance between 1999 and 2008
is positive, +0.11£0.22 myr~' water equivalent (w.e.) and nearly
identical for non-surging (+0.10 £0.19myr ' w.e.) and surge-
type glaciers (+0.114+0.31 myr~! w.e.). If we assume that in the
accumulation area, only firn (density of 600kgm™) is lost or
gained, the total mass balance drops to +0.05+0.16 myr—' w.e.
Thus, for two extreme-density scenarios, the regional glacier mass
balance is always close to zero, so that the assumption that Sorge’s
law holds has little impact on the main result, which is that
Karakoram glaciers were close to equilibrium during 1999-2008.

The spatial distribution of elevation changes is far from
homogeneous, as many glaciers (depicted with circles and triangles
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in Fig.2) show strong thinning and thickening rates (up to
16 myr~! in both cases). The glaciers experiencing these unusual
spatial patterns are surge-type glaciers. Many of them are known or
suspected to have surged in the past’!! and exhibit morphological
features characteristic of surges (for example, contorted moraines’),
as well as high velocities®'®. Among surge-type glaciers, we
distinguish two categories: first, glaciers with high thickening rates
in the lower part of their ablation area and high thinning rates
in their upper part (triangles in Fig. 2) that surged between 2000
and 2008; and second, glaciers thickening in their upper part and
thinning in their lower ablation area (circles in Fig. 2) that surged
before 2000 and are now in a quiescent (or post-surge) phase.
Elevation changes with altitude for selected individual glaciers
are shown in Fig. 3 for surging and quiescent glaciers, as well as
non-surging glaciers for comparison. Elevation changes on surging
and quiescent glaciers exhibit sinusoidal excursions of similar shape
but opposite sign on the glacier tongue and are damped in the upper
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Figure 3 | Elevation changes with altitude between February 2000 and
December 2008 for selected surge-type and non-surging glaciers. We
plotted: two glaciers that surged between 2000 and 2008 (triangles); two
glaciers in their quiescent phase between 2000 and 2008 that surged
before 2000 (circles); and two non-surging glaciers (squares). Error bars
are not shown for clarity but range between +0.25 m and £17.24 m (mean
error of 2.72 m). The location of each glacier is given in Fig. 1. Numbers in
the legend correspond to the glacier-wide mass balances (myr~' w.e.).

part of the glacier. In most cases, the surge wave does not reach the
glacier terminus and does not impact the upper accumulation area,
as noticed also by Quincey and colleagues'.

In ablation areas of non-surging glaciers, between 3,000 m
and 5,000 m, the mean rate of elevation change under debris
(—0.48myr™') is similar to that over clean ice and snow
(—0.49myr"). These rates are computed on pixel samples that
have comparable altitude distributions, that is, pixels are randomly
selected so that altitude histograms are similar over debris and clean
ice. This finding seems to contradict the common assumption'®
that debris cover has a protective effect, which should lead to a
higher thinning rate over clean ice. Two hypotheses could explain
this counter-intuitive observation. First, the surface ablation may be
higher than previously thought on debris-covered glacier tongues
due to several factors (thin debris layers, meltwater ponds'
and exposed ice cliffs) that are known to enhance tongue-wide
ablation. Such factors do not act on the very local scale (a few
square centimetres around an ablation stake) where the insulating
effect of debris has been measured'®. For example, we infer
area-average ablation rates as high as 6.2myr™! (at least) on
the debris-covered Khurdopin glacier tongue during 2000-2008
(Supplementary Information and Supplementary Fig. S1). We note
that this glacier ended its last surge in 1999 (ref. 10) and presented
a rough and heavily crevassed surface in the early 2000s that may
have favoured enhanced ice ablation on the tongue. Further work is
thus needed to assess whether similarly high tongue-wide ablation
rates are also experienced by non-surging debris-covered glaciers. A
second hypothesis could be that most of the debris-covered glacier
tongues in the Karakoram exhibit a slower flow than debris-free
ones, so that surface ablation is balanced only by the small ice
flux from upstream.

The slightly positive mass balance during 1999-2008 in the
Karakoram contrasts with the negative global average'= and the few
mass-balance values available in the rest of the HKKH range'***-23,
which are negative over the past decades. Recent glacier expansion®
and speed-up over the region'>** tally with the gain of mass
calculated in this study. Some hydrological variables, indirectly
linked to glacier mass balance, also agree with the observation of
glacier stability in the Karakoram. Fowler and Archer'? reported
a 20% decrease in runoff for the Hunza and Shyok rivers (which

324

NATURE GEOSCIENCE boi:10.1038/NGE01450 ‘

originate in the Karakoram) between 1961 and 2000. Although their
study period precedes ours, it reveals unusual climatic trends in the
Karakoram, compared with the rest of the HKKH. Tahir et al.?®
measured an increase in snow cover between 2000 and 2009
over the Hunza Basin, which would be consistent with a positive
mass balance of Karakoram glaciers. The studies using the Gravity
Recovery and Climate Experiment project data to infer the change
in glacier mass in central Asia led to conflicting results discussed in
the Supplementary Information.

The interpretation of this now confirmed Karakoram anomaly
is complicated by the lack of long-term programmes of field mass
balance and the scarcity of near-glacier, up-to-date climate data.
However, the climatic trends observed on valley floors (below
2,000 m) above sea level during the last decades of the twentieth
century can provide a first clue. Archer and Fowler?® reported an
increase in winter precipitation since 1961, which is a potential
source for greater accumulation in the upper parts of glaciers™'®!®
and can explain the glacier thickening measured above 5,300 m
above sea level (Supplementary Fig. S2). Furthermore, between
1961 and 2000, mean summer temperature declined at all climate
stations'?, probably resulting in a decreasing glacier melt.

The sea-level rise contribution for Karakoram glaciers during
the past decade has been previously estimated using spatial
extrapolation of the negative mass balances (range: —0.6 to
—0.8myr~'w.e.) observed only in the central and eastern parts
of the HKKH (ref. 13). Our conclusion that Karakoram glaciers
had a small mass gain at the beginning of the twenty-first century
indicates that those central/eastern glaciers are not representative
of the whole HKKH. Assuming that the glaciers studied here are
representatitve of the whole Karakoram region (Supplementary
Fig. S3), we suggest that the sea-level-rise contribution for this
region during the first decade of the twenty-first century should be
revised from +0.040 mm yr~' (as estimated by Church et al.”®) to
—0.006 mm yr~! sea-level equivalent.

Methods

Planimetric and vertical adjustment. First, horizontal shifts between the DEMs
must be corrected to avoid systematic biases according to terrain aspect”’. The
planimetric adjustment is done by minimizing the root mean square error of
elevation differences between the two DEMs on stable areas (that is a 1,180 km?
area off-glaciers, where the terrain is assumed to experience negligible elevation
changes)®. In our case, the shift applied to coregister the SRTM DEM to

the SPOT5 DEM was —0.26 and —0.16 pixels, respectively, in easting and
northing. After the planimetric adjustment, the off-glacier elevation difference
(mean=standard deviation, o) evolved from 0.64+9.8 mt0 0.5+9.2 m.

The remaining systematic biases are also investigated off-glaciers. A bias related
to the SPOT5 acquisition geometry in the cross-track and along-track direction
was corrected by fitting a fifth-order polynomial to the elevation differences off-
glaciers?’. We also investigated the issue of elevation-dependent biases?. Part of this
bias was first removed based on the relation off-glacier between elevation differences
and the terrain maximum curvature?®. The remaining part was investigated using an
additional DEM, acquired in X-band during the same mission as the SRTM C-band.
By comparing the SRTM X-band and the SRTM C-band DEMs over glaciers, and
assuming that the X-band radar penetration into snow and ice is negligible, it is
possible to estimate and correct the C-band radar penetration®® for each glacier
pixel according to its elevation. The mean C-band snow and ice penetration over
central Karakoram is 3 m with values up to 8 m in the accumulation areas. SRTM
X-band was not used in the first place to compute elevation changes because of its
incomplete spatial coverage (only 27% of our study area) owing to a narrower swath.

The planimetric adjustment had only a small impact on the final mass
balance (correction of —0.02 myr~' w.e., Supplementary Table S1), whereas
the C-band-penetration correction had the greatest influence (correction of
—0.29 myr~! w.e.). Given the magnitude of the C-band-penetration correction,
we stress that C-band (and X-band) radar penetration on mountain glacier ice,
firn and snow should receive more attention in the near future, in particular
with the forthcoming release of the DEMs from the German Aerospace Center
(DLR) Tandem-X mission.

The resulting map of elevation differences on stable areas after adjusting
the DEMs horizontally and vertically is given in Supplementary Fig. S4. The
standard deviation of the elevation differences dropped from 9.8 m to 8.4 m after
all adjustments. The distribution of elevation differences off-glaciers is nearly
Gaussian (Supplementary Fig. S5).

NATURE GEOSCIENCE | VOL 5 | MAY 2012 | www.nature.com/naturegeoscience

© 2012 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/ngeo1450
http://www.nature.com/naturegeoscience

NATURE GEOSCIENCE poi:10.1038/NGE01450 LETTERS

Elevation changes and mass-balance computation. Pixels interpolated in at 14. Fujita, K. & Nuimura, T. Spatially heterogeneous wastage of Himalayan glaciers.
least one of the DEMs (40% of the ice-covered areas) are excluded as well as the Proc. Natl Acad. Sci. USA 108, 14011-14014 (2011).

0.1% of pixels where elevation difference exceeds £150 m. Furthermore, glacier 15. Quincey, D. J. et al. Ice velocity and climate variations for Baltoro Glacier,
parts that are truncated at the edge of the SPOT5 DEM (Fig. 2) are not included Pakistan. J. Glaciol. 55, 1061-1071 (2009).

in the mass-balance analysis. Surge-type glaciers are identified both from the 16. Hewitt, K. Glacier change, concentration, and elevation effects in the
literature®'" and their characteristic patterns of elevation changes, to process them Karakoram Himalaya, Upper Indus Basin. M. Res. Dev. 31, 188-200 (2011).
separately. Elevation changes on non-surging glaciers are averaged for altitude 17. Bader, H. Sorge’s law of densification of snow on high polar glaciers. J. Glaciol.
intervals of 100 m. The histograms of elevation change for each altitude range are 2,319-323 (1954).

given in Supplementary Fig. S6 and show that the changes in glacier elevation are 18. Mattson, L. E., Gardner, J. S. & Young, G. J. in Snow and Glacier Hydrology
homogeneous at a given altitude, following a nearly Gaussian distribution. Pixels (ed. Young, G. J.) 289-296 (IAHS Publ. 218, 1993).

for which the absolute elevation difference is larger than 3 o are considered as 19. Sakai, A., Takeuchi, N., Fujita, K. & Nakawo, M. in Debris-Covered Glaciers
outliers and excluded from subsequent analysis®. The same procedure (averaging (eds Nakawo, M., Raymond, C. F. & Fountain, A.) 119-130 (IAHS Publ.

for altitude bands of 100 m and filtering of 3 o) is applied separately to each 264, 2000).

surge-type glacier. Hence, the regional mass balance is the area-weighted sum of the

- ¢ . Berthier, E. et al. Remote sensing estimates of glacier mass balances in the
mass balance of all non-surging glaciers and the mass balance of each surge-type

Himachal Pradesh (Western Himalaya, India). Remote Sens. Environ. 108,

glacier. Glacier volume changes over void-filled regions of SPOT5 or SRTM DEMs 327-338 (2007).

vx;lere estlrfnated asst];imn‘g tlha_t V‘L‘d'ﬁued Iln'xelcsl e).;perlenlci:;:thhe rflean elev;ctllo; 21. Bhutiyani, M. R. Mass-balance studies on Siachen Glacier in the Nubra valley,
Ch ange o mgailra € Plxebs n the salmela titu E interval. hls value was added to Karakoram Himalaya, India. J. Glaciol. 45, 112-118 (1999).

the measured changes to obtain a total volume change in each region. 22. Bolch, T., Pieczonka, T. & Benn, D. I. Multi-decadal mass loss of glaciers in

Above 6,400 m, the number of glacier pixels is too small to compute significant
mean elevation changes. However, the percentage of the glacier area above this
altitude is only 0.6% (Supplementary Fig. S2). The thickness changes as a function
of altitude for non-surging glaciers are also given in Supplementary Fig. S2.

As the SRTM DEM (now corrected for C-band penetration into ice and
snow) maps the glacier surface in February 2000, an estimation of the mass that
accumulated between December 1999 and February 2000, 0.26 m w.e. according to
accumulation measurements on Biafo Glacier between 1985 and 1986 (ref. 30),
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A detailed accuracy assessment of the elevation changes is given in the
Supplementary Information.
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