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Contrasting patterns of early twenty-first-century
glacier mass change in the Himalayas
Andreas Kääb1, Etienne Berthier2, Christopher Nuth1, Julie Gardelle3 & Yves Arnaud4

Glaciers are among the best indicators of terrestrial climate
variability, contribute importantly to water resources in many
mountainous regions1,2 and are a major contributor to global sea
level rise3,4. In the Hindu Kush–Karakoram–Himalaya region
(HKKH), a paucity of appropriate glacier data has prevented a
comprehensive assessment of current regional mass balance5.
There is, however, indirect evidence of a complex pattern of glacial
responses5–8 in reaction to heterogeneous climate change signals9.
Here we use satellite laser altimetry and a global elevation model to
show widespread glacier wastage in the eastern, central and south-
western parts of the HKKH during 2003–08. Maximal regional
thinning rates were 0.66 6 0.09 metres per year in the Jammu–
Kashmir region. Conversely, in the Karakoram, glaciers thinned
only slightly by a few centimetres per year. Contrary to expecta-
tions, regionally averaged thinning rates under debris-mantled ice
were similar to those of clean ice despite insulation by debris
covers. The 2003–08 specific mass balance for our entire HKKH
study region was 20.21 6 0.05 m yr21 water equivalent, signifi-
cantly less negative than the estimated global average for glaciers
and ice caps4,10. This difference is mainly an effect of the balanced
glacier mass budget in the Karakoram. The HKKH sea level
contribution amounts to one per cent of the present-day sea level
rise11. Our 2003–08 mass budget of 212.8 6 3.5 gigatonnes (Gt)
per year is more negative than recent satellite-gravimetry-based
estimates of 25 6 3 Gt yr21 over 2003–10 (ref. 12). For the
mountain catchments of the Indus and Ganges basins13, the glacier
imbalance contributed about 3.5% and about 2.0%, respectively, to
the annual average river discharge13, and up to 10% for the Upper
Indus basin14.

The HKKH is an ensemble of mountain ranges stretching east to
west over 2,000 km, containing around 60,000 km2 of glaciers, glacierets
and perennial surface ice in varying climatic regimes. In the east,
glaciers receive most accumulation during summer from the Indian
monsoon, whereas in the west they accumulate snow mostly in winter
through westerly atmospheric circulations9,13,15. In addition, a strong
northward decrease in precipitation is caused by the extreme topo-
graphy. Therefore, variability in observed glacier changes within the
region is large5–8,16–19, and quantifying the current glacier mass change
and its impacts on sea-level rise, water resources and natural hazards is
hampered by a lack of sufficiently distributed and accurate data. The
annual glacier mass balances of a few small and mainly debris-free
glaciers18,20 are unlikely to be representative of the entire region.

In this study, we provide glacier thickness changes and estimated
mass changes over the HKKH, specifically the Indus and Ganges river
basins and their surroundings (Fig. 1). This is achieved by combining
two elevation data sets, the sparse laser measurements from the Ice,
Cloud and land Elevation Satellite (ICESat) over 2003–09 and the
Digital Elevation Model (DEM) from the Shuttle Radar Topography
Mission (SRTM) of February 2000. Standard ICESat analysis21 is not
applicable in the HKKH owing to large cross-track separation and
topographic roughness between repeat tracks. Unknown and spatially

variable penetration of the SRTM 5.6-cm radar waves (C-band) into
snow and ice22,23 also complicates the direct extraction of glacier
thickness changes from the differences between the SRTM and
ICESat elevations.

However, the SRTM DEM ensures that the repeat ICESat analysis
samples consistent slopes and similar hypsometry over time so that
temporal trends in elevation difference can be estimated through the
entire ICESat acquisition series (Figs 1 and 2). The SRTM DEM is
subtracted from all ICESat footprint elevations. The digital numbers
of multispectral Landsat images of around the year 2000, selected
with minimum snow cover, are extracted for each footprint for initial
classification into five categories (glacier clean ice, glacier debris cover,
glacier firn and snow, open water and off-glacier) and then manually
edited. The last ICESat campaign (2F) before sensor failure, and the
June campaigns (2C, 3C, 3F) are excluded (Methods, Supplementary
Information).

On glaciers, elevation difference trends derived over 2u3 2u-sized
geographic cells depict pronounced regional variations (Fig. 1) and
suggest, together with climatological and glaciological patterns, five
major sub-regions for further analysis: the Hindu-Kush south of the
Wakhan Corridor (HK), the Karakoram (KK), Jammu–Kashmir (JK),
Himachal Pradesh, Uttarakhand and West Nepal (HP), and East Nepal
and Bhutan (NB). On the basis of the autumn ICESat data only (2003–
08), HKKH glaciers thinned on average, 20.26 6 0.06 m yr21, and in all
subregions with significant spatial differences (Figs 1 and 2; Table 1).
(Error levels correspond to one standard error; Supplementary
Information). Thickening is found only in the northern and eastern
parts of KK (northeast of the Indus basin: 10.14 6 0.06 m yr21).
Disregarding ice/firn/snow footprints that cannot clearly be assigned
to a glacier has no significant effect on the trends in HK, KK and JK
but leads to 25% and 50% more-negative trends in HP and NB,
respectively (Supplementary Information).

Comparing the autumn glacier trends, which represent annual
glacier mass balances, to trends from winter ICESat data (Supplemen-
tary Information) suggests an increasing mass turnover in KK and JK.
The similarity between autumn and winter trends in HP and NB is
consistent with glaciers in the east being of the summer-accumulation
type15. For off-glacier terrain, secular trends are statistically indistin-
guishable from zero (Table 1). Off-glacier seasonal cycles are minimal
(largest for HK) yet roughly congruent with glacier seasonality (Fig. 2).

C-band SRTM elevations are influenced by the varying penetration
of the radar wave into ice, firn and snow22,23. Consequently, extrapola-
tion of ICESat-derived glacier elevation trends (Fig. 2) back to the
SRTM acquisition date of February 2000 reveals first-order C-band
penetration estimates of several metres, largest for firn/snow and
smallest for debris-covered ice, and largest for KK and smallest for
HP and NB (Supplementary Table 2).

For the entire HKKH, our elevation trends on clean and debris-
covered ice show no significant difference (Table 1). To avoid bias
related to differences in the geographic and topographic distributions
between clean and debris-covered ice, this comparison is based upon
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pairs of footprints sharing similar location, elevation, slope and aspect.
For KK, JK, HP and NB, thinning on debris-covered ice is not statist-
ically different from, and for HK exceeds, thinning on clean ice17,19,24

despite the widely assumed insulating effect of debris25. In KK, though,
the sparse ICESat tracks might not sample the high variability of
elevation changes, in particular of the glacier tongues19, in a regionally
representative way. Glacier elevation changes at a specific location are
the combined effect of surface mass balance and ice flux budget. Given
that our pairs of neighbouring footprints (the mean distance between
them is approximately 1 km) typically occur on the same glacier, dif-
ferences in ice flux budget within a pair are expected to be small. Thus,

we assume that the comparison between clean and debris-covered ice
elevation trends at least partly reflects differences in ablation rates of
the two. The similar thinning rates between both glacier cover types are
presumably caused by thermokarst processes on debris-covered
tongues that are dynamically inactive6,17,26,27. Our findings suggest that
the well-proved insulating effect of debris layers with thicknesses
exceeding a few centimetres28 acts on local scales of intact covers,
but not in general on the spatial scale of entire glacier tongues. The
substantial ice thickness loss over debris-covered ice allows continued,
and possibly enhanced, evolution of supraglacial and moraine lakes,
and associated outburst hazards7,29.
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Figure 2 | Median elevation differences between ICESat and SRTM for
ICESat laser periods and glacier elevation difference trends. Data are given
for the five sub-regions defined in Fig. 1. For off-glacier terrain (black triangles
and curves) all medians are shown; for glaciers only autumn laser altimetry
periods (red dots and dashed curves; compare Supplementary Fig. 2) are
shown. Autumn trends (red bold lines) are fitted through all individual

elevation differences using a robust fitting method, not through the laser
altimetry period median elevation differences, creating small offsets between
the trends shown and a virtual regression through the laser period medians. The
68% and 95% confidence levels (shaded medium red and light red) represent
solely the statistical error of the trend fitting.
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Figure 1 | Study region and trends of elevation differences between ICESat
and SRTM over 2003–08. Data are shown on a 1u grid with overlapping
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RESEARCH LETTER

4 9 6 | N A T U R E | V O L 4 8 8 | 2 3 A U G U S T 2 0 1 2

Macmillan Publishers Limited. All rights reserved©2012



Scaling up of ICESat footprint classes indicates a total perennial
surface ice area of around 60,000 km2 (Table 1, Supplementary
Information). Using a glacier mask based on a ratio between visible
and short-wave infrared Landsat bands and glacier inventories avail-
able for the HKKH, the SRTM glacier hypsometry verifies the spatial
and hypsometric representativeness of the ICESat footprint classifica-
tion and distribution for all HKKH glaciers (Supplementary Fig. 3), so
elevation difference trends can be applied to the total ice-covered area.
A first density scenario (a) assumes all glacier thickness changes are
loss and gain of ice (900 kg m23), a second density scenario (b)
assumes 900 kg m23 for thickness changes over ice and 600 kg m23

for changes over firn and snow (Table 1, Supplementary Information).
Our final mass budget estimate is the average of the two scenarios (ab),
resulting in a mass change of 212.8 6 3.5 gigatonnes per year
(Gt yr21) and a sea level rise contribution of 0.035 6 0.009 mm yr21

for HKKH glaciers, which is 3% to 4% of the total contribution from
global glaciers and ice caps3,4.

The specific mass balances measured on HKKH glaciers over 2003–08
are less negative than various estimates of the global average for glaciers
and ice caps outside Greenland and Antarctica of around 20.75 m yr21

water equivalent (WE)4,10 based on in-situ mass-balance measurements.
Our 2003–08 HKKH mass budget of 212.8 6 3.5 Gt yr21 is, however,
considerably more negative than a recent estimate of 25 6 3 Gt yr21

based on satellite gravimetry (GRACE) over 2003–10 (ref. 12; their
original uncertainty at 2-s level was converted to 1-s level; see
Supplementary Information for full multi-study comparisons).

The annual average 2003–08 glacier imbalances for the Indus (about
1,150,000 km2) and Ganges (,1,030,000 km2) basins amount to
approximately 300 6 53 m3 s21 discharge equivalent (mass imbalance
units of Gt yr21 converted to m3 s21) for the Indus basin and approxi-
mately 185 6 45 m3 s21 for the Ganges basin, respectively, neglecting
any processes other than direct river runoff. The actual contribution of
glacier imbalance to total discharge depends on the distance from
glaciers and the seasonality of the glacier imbalance1, which is, how-
ever, not directly accessible from our ICESat measurements. As an
annual average for the combined outlets of the mountain catchments
within the Indus and Ganges river basins defined by ref. 13 (the
Indus about 320,000 km2, and the Ganges about 182,000 km2;
Supplementary Fig. 1) and neglecting any water loss due to evapora-
tion or groundwater storage, our glacier imbalances amount to about

3.5% and about 2.0% of the total modelled discharges13 for the Indus
and Ganges mountain catchments, respectively. For the outlet of
the Upper Indus basin (,200,000 km2, Supplementary Fig. 1) at
the Tarbela dam14 the annual average glacier imbalance, about
231 6 46 m3 s21, amounts to about 10% of the modelled and
measured annual river discharge14, and explains most of the approxi-
mately 300 m3 s21 discrepancy between total annual precipitation
(311 mm yr21 or around 1,980 m3 s21) and observed annual stream
flow (around 2,290 m3 s21) (ref. 14). The increase of precipitation with
altitude (unaccounted for in the mean basin precipitation estimate14)
may also have contributed to this discrepancy30.

The glacier thickness changes presented here underpin the first
spatially resolved mass budget over the entire HKKH, and in turn
the first quantitative observational assessment of the contribution of
glacier imbalance to river runoff, to our knowledge. That debris-
covered ice thins at a rate similar to that of exposed ice shows that
the role of debris mantles in glacier mass balance must be reassessed. In
particular, in regions of highly discontinuous glacier coverage, we sug-
gest that satellite gravimetry will be very useful to better detect large-
scale sub-surface mass changes such as from hydrology or tectonics, or
to better quantify errors in the corrections of these, respectively, by
relying on glacier mass changes from studies such as ours. Our results
will thus enable improved estimates of groundwater depletion in
northern India31 , which has thus far been difficult to discriminate from
glacier loss in satellite gravity observations12.

METHODS SUMMARY
Cloud-free 30-m resolution Landsat Thematic Mapper (TM) and Enhanced
Thematic Mapper (ETM) scenes from around the year 2000 with minimal snow
cover were obtained from the United States Geological Survey as a topographically
corrected version (L1T; http://glovis.usgs.gov; Supplementary Table 1). A band
ratio denotes snow/firn/clean ice areas (Supplementary Data). All ICESat foot-
print elevations during 2003–09 (about 70 m footprint diameter and 170 m along-
track spacing), obtained from the National Snow and Ice Data Center (http://
nsidc.org/data/icesat/index.html; release 531), within a 10-km buffer around the
snow/firn/clean-ice mask are compared to the ,90-m gridded SRTM DEM for
February 2000 (void-filled version 4 from the Consultative Group on International
Agricultural Research; http://srtm.csi.cgiar.org/) through bilinear interpolation of
the estimated footprint centre. ICESat points within the SRTM void mask are
disregarded. SRTM geoid elevations are converted from the Earth Gravity
Model (EGM) 1996 to EGM2008, which is used for ICESat release 531. The

Table 1 | Glacier elevation difference trends and mass balances 2003–09
Hindu Kush (HK) Karakoram (KK) Jammu Kashmir (JK) Himachal Pradesh,

Uttarakhand and West
Nepal (HP)

East Nepal and
Bhutan (NB)

Sum (first 3 rows) or
area-weighted mean

(HKKH)

Glacier area (km2) 9,350 21,750 4,900 14,550 9,550 60,100
Number of ICESat glacier footprints (Oct–Nov) 6,300 18,050 4,200 9,850 5,650 44,050
Number of ICESat glacier footprints (Feb–Mar) 4,600 12,050 2,750 6,800 5,050 31,250
Clean ice/debris-covered ice/AAR around
year 2000 (as percentage of glacier area)

54 / 16 / 30 44 / 9 / 47 57 / 14 / 29 51 / 14 / 35 38 / 15 / 47 47 / 13 / 40

Elevation difference trends (m yr21 6 1 s.e.)

Off-glacier 10.01 6 0.05 20.02 6 0.02 10.02 6 0.05 10.01 6 0.02 20.02 6 0.04 0.0 6 0.03
Glaciers (Oct–Nov 2003–08) 20.21 6 0.07 20.07 6 0.04 20.66 6 0.09 20.38 6 0.06 20.38 6 0.09 20.26 6 0.06
Glaciers (Feb–Mar 2003–09) 20.48 6 0.07 10.41 6 0.04 20.26 6 0.09 20.38 6 0.06 20.38 6 0.09 20.10 6 0.06
Clean ice 20.21 6 0.32 20.54 6 0.25 21.28 6 0.54 21.20 6 0.33 22.30 6 0.53 20.78 6 0.16
Debris2covered ice 21.54 6 0.31 20.04 6 0.26 21.05 6 0.44 21.02 6 0.29 21.53 6 0.43 20.76 6 0.16

Mass balance

Density scenario a (m yr21 WE 6 1 s.e.) 20.19 6 0.06 20.06 6 0.04 20.59 6 0.08 20.34 6 0.05 20.34 6 0.08 20.23 6 0.05
Density scenario a (Gt yr21 6 1 s.e.) 21.8 6 0.6 21.3 6 0.9 22.9 6 0.5 25.0 6 0.9 23.3 6 0.9 214.3 6 3.5
Density scenario b (m yr21 WE 6 1 s.e.) 20.20 6 0.05 0.0 6 0.03 20.51 6 0.06 20.30 6 0.04 20.26 6 0.07 20.19 6 0.04
Density scenario b (Gt yr21 6 1 s.e.) 21.8 6 0.5 0.0 6 0.8 22.5 6 0.4 24.4 6 0.8 22.5 6 0.7 211.2 6 3.1
Density scenario ab (m yr21 WE 6 1 s.e.) 20.20 6 0.06 20.03 6 0.04 20.55 6 0.08 20.32 6 0.06 20.30 6 0.09 20.21 6 0.05
Density scenario ab (Gt yr21 6 1 s.e.) 21.8 6 0.6 20.6 6 0.9 22.7 6 0.5 24.7 6 1.0 22.9 6 0.9 212.8 6 3.5
Density scenario ab (mm yr21 SLE 6 1s.e.) 20.005 6 0.002 20.001 6 0.002 20.008 6 0.001 20.013 6 0.003 20.008 6 0.003 20.035 6 0.009

All analyses refer to the perennial surface ice features such as glaciers, glacierets and perennial ice patches. Footprints overSRTM voids and from laser period 2F are discarded. Errors given (one standard error, s.e.)
are the root of sum of squares (RSS) of the standard error of fits, the off-glacier trend, and a simulated effect of elevation variations within a season. Elevation difference trends for clean and debris-covered ice were
computed for pairs of neighbouring footprints on clean and debris-covered ice. The density assumption scenarios are: a, 900 kg m23; b, 900 kg m23 for ice and 600 kg m23 for firn and snow footprints; ab is the
mean of scenarios a and b. The error of scenario ab is a combined error (RSS) including the trend error and the standard deviation of the mean of scenarios a and b. For the total mass changes (Gt yr21) and sea level
equivalent (SLE), the errors also include (RSS) a 10% uncertainty for the glacier areas. AAR, accumulation area ratio (here the ratio between snow and firn areas to total glacier area); WE, water equivalent.
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SRTM DEM is co-registered with the 17 ICESat campaigns. Landsat band ratios
for snow/firn/clean ice and snow/firn were computed at ICESat footprint loca-
tions. Footprints over debris-covered glacier sections are initially labelled using
glacier outlines, where available (http://glims.colorado.edu/glacierdata/, http://
glims.org/RGI/randolph.html). The footprint classifications were superimposed
over the Landsat mosaic and edited manually to clean ice, snow/firn, debris-
covered ice and off-glacier classes, and to introduce an additional water class
(Supplementary Data). Elevation trends were derived using a robust linear regres-
sion through all ICESat-SRTM elevation differences. Various tests (Supplemen-
tary Information) showed that these trends are not very sensitive to the type of
ICESat waveform fitting, the spatial elevation sampling and the timing of
ICESat acquisitions. Interestingly, an even lower spatial sampling than the
ICESat acquisition programme would produce significant results. Histogram
adjustments were required to compare off- and on-glacier trends due to significant
biases from saturation of ICESat waveforms on steep slopes, mainly off-glacier.
Glacier thickness changes were converted to mass changes using two density
scenarios. More details about the data and methods can be found in the
Supplementary Information.
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