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Abstract

Although a number of studies indicate the regional heterogeneity of the glacier

elevation and mass changes in high-mountain Asia in the early 21st century,

little is known about these changes with high spatial detail for some of the

regions. In this study we present respective glacier elevation and mass change

estimates in the Indian state of Jammu and Kashmir (JK) for the period 2000–

2012. Our estimates are based on the interferometric analysis of SRTM DEM

and the bistatic TanDEM-X data. On an average the JK East (Karakoram)

glaciers showed less negative elevation changes (−0.19±0.22 m yr−1) compared

to the JK West (Himalaya) glaciers (−0.50±0.28 m yr−1). This agrees very well

with previous studies that show a transition from larger changes in the western

Himalaya to a steady-state situation in the Karakoram. We observe distinct

elevation change patterns on a glacier scale that is most likely linked to debris

insulation and the enhanced ice melting due to supraglacial lakes, ponds and

ice cliffs. We also found 16 surge-type glaciers in the JK East which were not

documented before. In total, 25 glaciers surged and 4 others appeared to be in

a quiescent phase in the observation period. Our results also reveal that the

glacier-averaged elevation change rates of surge-type and non surge-type glaciers

in the JK East region are not significantly different.

Keywords: Glacier elevation change, SAR Interferometry, TanDEM-X, SRTM,
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1. Introduction

Glaciers in the Karakoram–Himalaya are influenced in different intensity by

the Indian summer monsoon, the mid-latitude winter westerlies and the south-

east Asian monsoon (Bolch et al., 2012; Wiltshire, 2014). Previous geodetic

glacier mass balance studies have reported heterogeneous glacier surface eleva-

tion (and mass) changes in high-mountain Asia (HMA) including Karakoram–

Himalaya (Kääb et al., 2012; Gardelle et al., 2013; Kääb et al., 2015; Brun et al.,

2017; Lin et al., 2017). Such observations are quite important for observing the

impact of climate perturbations and changes on glaciers in the region (Kääb

et al., 2012; Gardelle et al., 2013), and as a reference for modeling of current

changes and to provide future projections (Wiltshire, 2014; Kraaijenbrink et al.,

2017).

Karakoram is particularly known for the occurrences of glacier surges – a

rapid advance of the glacier front within a few weeks to several years (Copland

et al., 2011; Bhambri et al., 2013; Rankl et al., 2014; Bhambri et al., 2017).

Surge-type glaciers show unique patterns of elevation changes in their different

phases (quiescent and surge) (Gardelle et al., 2012; Rankl and Braun, 2016).

The glaciers thin significantly along their lower reaches while thickening occurs

upstream during the quiescent phase. The glaciers relocate the ice mass from

upstream to their lower reaches during the surge, resulting in thickening in the

lower areas and thinning in the upper catchments (Rankl and Braun, 2016).

The relocation of ice mass may change the glacier’s climate sensitivity and

downwasting potential.

In the recent years several promising remote-sensing tools have been deployed

to determine glacier elevation and mass changes in the Karakoram–Himalaya

(Bolch et al., 2011; Kääb et al., 2012; Gardelle et al., 2013; Vijay and Braun,

2016; Ragettli et al., 2016; Bolch et al., 2017; Brun et al., 2017). With the

declassification of the United States’ spy satellite stereo images (Corona KH-
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4 and Hexagon KH-9) observations dating back to the 1960s became available

and quantitative photogrammetric analysis started (Holzer et al., 2015; Ragettli

et al., 2016; Bolch et al., 2017). Since the beginning of the 21st century, signif-

icant advances were made due to the increasing availability of different sensors

and satellite platforms (eg. the Advanced Spaceborne Thermal Emission and

Reflection Radiometer (ASTER) since 1999, the Shuttle Radar Topography Mis-

sion (SRTM) in February 2000, the Système pour l’Observation de la Terre 5

(SPOT5) since 2002, the Ice, Cloud, and land Elevation Satellite (ICESat) dur-

ing 2003–2009 and the TerraSAR-X add-on for Digital Elevation Measurement

(TanDEM-X) since 2010). For the Karakoram–Himalaya alone, several stud-

ies have reported glacier elevation and mass changes in the early 21st century

(Figure 1 and Supplementary Table 2). Few studies have also estimated glacier

area/length changes, in particular, in the Jammu and Kashmir. (Kamp et al.,

2011; Bhambri et al., 2013, 2017). However, little is known about glacier eleva-

tion/mass changes in the transition of the Karakoram to the Himalaya region.

This region is interesting since the MLW is the major contributor of precipita-

tion and the influence of the ISM is limited (Bolch et al., 2012). The Indian

state, Jammu and Kashmir comprises two distinct glacierized regions; Jammu

and Kashmir West, belonging to the Himalaya (abbreviated as JK West here-

after) and Jammu and Kashmir East located in the Karakoram (abbreviated

as JK East hereafter). Kääb et al. (2012) showed the first large-scale glacier

elevation change estimates for both the regions using repeat overpasses of the

ICESat laser altimeter (2003–2009) and extrapolating to the SRTM elevations

(2000). Due to the spacing of the ICESat overpasses their observations left a

large fraction of the glacierized region, including many small glaciers, unob-

served. In a recent work, Brun et al. (2017) included these regions in their

region-wide geodetic glacier mass balance estimates for the period 2000–2016.

They applied a linear regression over a time-series of ASTER digital elevation

models (DEMs) spanning over the period 2000–2016. So far much attention has

been paid to the regional analysis leaving a scope for individual glacier analy-

sis in these regions. Few studies were based on the combination of SRTM and
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TanDEM-X DEMs only. Both data sets were derived by bi-static radar interfer-

ometry and demonstrated their potential to measure glacier elevation changes in

HMA (Supplementary Table 2). However, this technique has not been applied

to the Jammu and Kashmir region before.

Therefore, the objectives of this study are

1. to measure spatially detailed glacier elevation and mass changes for the JK

West and the JK East regions in the early 21st century. For this we used

the digital elevation models from SRTM (2000) and interferometrically

processed TanDEM-X data acquired in 2012.

2. to investigate the influence of glacier surface properties (supraglacial de-

bris, supgraglacial lakes, ponds and ice cliffs) on glacier elevation changes

since those properties have been assigned considerable relevance for melt

Sakai et al. (2002); Anderson and Anderson (2016); Kraaijenbrink et al.

(2017).

3. to investigate the status of surge-type glaciers in Jammu and Kashmir

during 2000–2012.

2. Study Area

The JK West glaciers (∼ 1570 km2) are situated in the Zanskar region of

southern Ladakh, Himalaya. The region is a high altitude semi-desert (mean el-

evation ∼ 3000 m) containing several massifs (e.g. Nun Massif (34.0◦N, 76.0◦E)

∼ 7135 m a.s.l). The high mountains of this region shield the area from the ISM

influences and create a rain shadow zone (Shukla and Qadir, 2016). Therefore,

the region receives more than 80 % of its annual precipitation from the MLW

during November-April, as observed at Drass meteorological station (34.4◦N,

75.7◦E) (Raina and Koul, 2011). In Drass the mean maximum and minimum

temperatures are 23.7◦ C in July and -20.1◦ C in February, respectively (Raina

and Koul, 2011). The JK East glaciers (∼ 2261 km2), on the other hand, are

situated in the Shyok Valley, Karakoram. Like in the JK West, the ISM has

little influence in the JK East that too rapidly diminishes from the south-east
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to the north-west (Sharif et al., 2013). The glaciers are often covered by debris

in their ablation zones with numerous occurrences of supraglacial lakes, ponds

and ice cliffs. The glacier meltwater from these regions contribute to several

tributaries (e.g. Tsarap river, Zanskar river, Shyok river etc.) of the Indus

river.

3. Data and Methods

3.1. Surface elevation and mass changes

We used the SRTM DEM and bistatic TanDEM-X data to estimate surface

elevation changes during 2000–2012. The SRTM was conducted in order to ac-

quire X- and C-band interferometric synthetic aperture radar (InSAR) data be-

tween 11-Feb-2000 and 22-Feb-2000. The prime objective of the mission was to

obtain a near-global DEM (Hoffmann and Walter, 2006). The TanDEM-X satel-

lite was launched on 21-Jun-2010 complementing its twin satellite TerraSAR-X.

It is a constellation of two nearly identical X-band radar satellites flown in close

formation providing data in different modes (Krieger et al., 2007). In the bistatic

mode, the active sensor transmits the electromagnetic signal while both active

and passive sensors receive the backscattered signal. This results in two simul-

taneously acquired SAR images, provided already co-registered by the German

Aerospace Center (DLR) for further processing. The advantage is the absence

of temporal de-correlation.

We followed the similar processing chain, described in Vijay and Braun

(2016), for calculating surface elevation change using the SRTM and the bistatic

TanDEM-X data. We processed eleven TanDEM-X scenes to cover JKWest and

the JK East regions). Some of the specifications of the individual TanDEM-X

scenes are listed in Supplementary Table 1. In the processing chain, we made

use of the void-filled SRTM C-band DEM of 1 arcsec grid spacing (available at

United States Geological Survey) as a reference DEM while interferometrically

processing the bistatic TanDEM-X data. We first simulated the topographic

phase from the SRTM C-band DEM using the TanDEM-X interferometric pa-
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rameters. Subsequently, we removed the topographic phase from the TanDEM-

X interferometric phase. The phase noise was filtered using a Goldstein filter

with a filtering coefficient of 0.35. The areas of low coherence (e.g. shadow and

water bodies) were masked out before carrying out the phase unwrapping us-

ing the branch cut algorithm (Rosen et al., 1994). The unwrapped differential

phase was then converted into differential heights. These differential heights

were finally geocoded with the help of SRTM C-band DEM in order to achieve

planimetric consistency.

The differential heights cannot be attributed directly as the surface eleva-

tion change as they also depict the vertical changes of the surfaces mapped

by the C-band (SRTM) and X-band (TanDEM-X) radar signals in 2000 and

2012 respectively. The radar signal might penetrate into snow and ice surfaces,

and hence needs to be taken into account for surface elevation change measure-

ments (Kääb et al., 2012; Gardelle et al., 2013; Vijay and Braun, 2016; Neckel

et al., 2017; Neelmeijer et al., 2017). Therefore, we first classified glacier sur-

face into debris-covered ice and clean ice/firn/snow using a cloud free Landsat-7

Enhanced Thematic Mapper (ETM+) scene of 08-May-2000. Afterwards, we

compared the SRTM C-band and X-band elevations over classified surfaces in

order to account for a potential penetration bias from the C- and X-band radar

signals (Vijay and Braun, 2016). Unfortunately the SRTM X-band data was

not available over the studied regions. Therefore, we applied the correction

from Vijay and Braun (2016) for the JK West region, which was estimated over

a close-by study site, i.e. Lahaul-Spiti, Himalaya. We computed the correc-

tion function over the nearby Central Karakoram region and applied for the

JK East, Karakoram. We chose two different correction functions since the off-

set between C- and X-band SRTM is known to vary spatially due to variable

acquisition conditions.

The appearance of kinematic waves on the glacier surface, i.e. a sequence

of considerable positive (thickening) and negative (thinning) glacier surface el-

evation change was used to identify the phase of surge-type glaciers (Rankl and

Braun, 2016). Thickening in down-glacier areas and thinning up-glacier indi-
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cates the surge phase, whereas thinning down-glacier and thickening in upper

catchments refer to the quiescent phase. For the conversion of volume to mass

changes, we used a combined ice and snow density of 850±60 kg m−3 (Huss,

2013).

3.2. Glacier outlines

We used glacier outlines from the Randolph Glacier Inventory (RGI 5.0)

database, which were created from optical satellite imagery between 1999 and

2003 (Arendt et al., 2015). As our study period is 2000–2012, we manually

corrected the glacier fronts (stable and retreating) using the Landsat-7 ETM+

imagery of 2000 and the TanDEM-X−SRTM elevation changes. We made use

of Landsat-7 ETM+ imagery of 2012 together with elevation changes in order

to update the boundaries of those glaciers, which surged and advanced in the

2000–2012 period.

3.3. Uncertainties of the elevation change estimates

There is no unique method to estimate the uncertainty of surface eleva-

tion change measurements. However, the various studies use different statisti-

cal estimators (e.g. standard deviation, normalized median absolute deviation

(NMAD)) computed over stable and rocky terrain (off-glacier). For instance,

Bolch et al. (2011) considered the standard deviation and the root mean square

error (RMSE) for their uncertainties, while the normalized median absolute de-

viation (NMAD) was considered in other studies (Holzer et al., 2015; Dehecq

et al., 2016; Neelmeijer et al., 2017). The standard deviation is sensitive to out-

liers and can be higher than the true measure of uncertainty, whereas NMAD is

more resilient to outliers (Höhle and Höhle, 2009). Vijay and Braun (2016) cal-

culated the slope-dependent uncertainty and considered all off-glacier points in

their uncertainty assessment, whereas other studies excluded points with slopes

higher than a certain threshold (e.g. Rankl and Braun (2016); Dehecq et al.

(2016)).
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In this study, we display the distribution of off-glacier surface elevation

change in both regions (Supplementary Figure 2). We provide all four stan-

dard statistical estimators, i.e. mean, median, standard deviation and NMAD.

For the final uncertainty, we followed the widely accepted approach which con-

siders the spatial correlation of the off-glacier points (Gardelle et al., 2013; Wang

and Kääb, 2015; Bolch et al., 2017). In this approach, the uncertainty (e) is

formulated as,

e =
Edh/dt
√

Neff

(1)

where Edh/dt is the standard deviation of the surface elevation change of

off-glacier points and Neff is the effective number of observations. Neff can

be calculated using the total number of considered points (Ntot), the spatial

resolution (R) of the final elevation change map (10 m) and the distance of

spatial autocorrelation of the elevation change off glaciers (d).

Neff =
Neff .R

2d
(2)

The distance of spatial autocorrelation (d) was found to be 2010 m and 975

m in case of JK West and JK East regions respectively.

4. Results

4.1. Glacier surface elevation changes in the Karakoram–Himalaya

We observe clear surface lowering for most of the glacierized area in the JK

West region during 2000–2012 (Figure 2). For the entire JKWest region (∼ 1570

km2) we found a mean elevation change of −0.50±0.28 m yr−1 in this period

(Table 1). On the other hand, the elevation change pattern in the JK East

region (2261 km2) is very heterogeneous, especially due to numerous surge-type

glaciers (Figure 3). Overall, it is less negative in JK East with −0.19±0.22 m

yr−1 surface lowering. On average, the surge-type and non-surge type glaciers

show comparable surface elevation changes (Table 1).
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Individual glacier measurements also indicate this regional heterogeneity. In

order to show this, we estimated the mean elevation change of all the glaciers in

the JK West (1164 glaciers) and the JK East (1144 glaciers) regions (Figure 4).

In the JK West, 992 glaciers (1498 km2, 95.5 % of total glacierized area (TGA))

showed negative elevation change rates during 2000–2012 and the rest of them

(4.5 % of TGA) showed positive elevation change rates. On the other hand, 398

glaciers (472.41 km2, 20.92 % of TGA) of the JK East region showed positive

elevation change rates. Most glaciers in the JK East corresponding to 65.22 %

of TGA showed slightly negative elevation change rate (0 to −0.5 m yr−1).

Table 1: Elevation (dh/dt) and mass (dh/dt) changes of the JK West and the JK East glaciers

during 2000–2012. The total number of investigated glaciers, their actual area, fraction of their

area measured by this study, fraction of their surface covered by supraglacial debris are also

displayed.

ine Region Number Area Measured Supraglacial Mean ± error Mean ± error

of glaciers (km2) area (%) debris (%) (median) dh/dt (m yr−1) dm/dt (m w.e. yr−1)

JK West 1164 1569.8 98.5 13.7 -0.50 ± 0.28 (-0.48) -0.43 ± 0.24

JK East (whole region) 1144 2261.1 96.4 9.8 -0.19 ± 0.22 (-0.24) -0.16 ± 0.19

JK East (non-surge type) 1115 1500.5 98 11.3 -0.20 ± 0.22 (-0.22) -0.17 ± 0.19

JK East (surge-type) 29 760.6 93 8.2 -0.18 ± 0.22 (-0.29) -0.15 ± 0.19

4.2. Altitudinal distribution of elevation changes of selected glaciers

In order to determine the influence of debris-cover and other factors on

surface elevation change, we analyzed the altitudinal distribution of elevation

change of glaciers with a minimum surface area of 8 km2. This resulted in

a selection of 84 glaciers (28 in JK West and 56 in JK East) for which we

computed the median of all observed points in 25 m elevation bins. These

glaciers also have different topographic and surface conditions. For instance,

the termini of most of the investigated glaciers (44 out of 56) in the JK East

are located higher than 5000 m a.s.l, whereas 24 out of 28 glaciers in the JK

West terminate at or less than 4500 m a.s.l. These glaciers also have variable

extents of supraglacial debris cover ranging from 1.94 % (G077786E34899N)
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to 45.1 % (G076191E33524N). Moreover, the existence of supraglacial lakes,

ponds and ice cliffs on the Karakoram-Himalayan glaciers are well known (Sakai

et al., 2002; Benn et al., 2012; Dobreva et al., 2017).

We found distinct elevation change patterns of the selected 84 glaciers. The

examples of the distinct patterns are shown in Figure 5. We classified the

glaciers depending on their elevation change pattern following Vijay and Braun

(2016) and indicated them in the classification maps (Supplementary Figure 3

and Figure 4). The first pattern, abbreviated as type-1, shows the maximum

surface lowering at or nearby the glacier terminus and is noticed for glaciers

with less than 10 % of supraglacial debris cover (Figure 5). 37 glaciers (7 in

JK West and 30 in JK East) were classified in this category. The glaciers

which have comparatively more debris-cover (> 10 %) show two contrasting

patterns, abbreviated as type-2 and type-3. Type-2 glaciers showed maximum

thinning up-glacier compared to their termini, whereas type-3 glaciers exhibited

maximum thinning at or nearby their termini (Figure 5). For instance, the point

of maximum thinning (-1.28 m yr−1) in case of G076191E33524N is located 600

m higher compared to its terminus’ elevation (Figure 5). We found a total of

19 glaciers (16 in JK West and 3 in JK East) that fall in the type-2 category.

In total 9 glaciers (5 in JK West and 4 in JK East) were categorized as type-3.

4.3. Surge-type glaciers

Based on the thickening and thinning patterns during the surge and quiescent

phases (Gardelle et al., 2012; Rankl and Braun, 2016), we could identify 16 new

glaciers that surged in the JK East region during 2000–2012. In total 25 glaciers

surged and 4 glaciers appeared to be in quiescent phase in this period. The

examples of the surge and quiescent phases of surge-type glaciers are shown

in Figure 6. G077970E34577N glacier showed considerable thickening from

4740–4260 m a.s.l. during its surge phase with elevation change rate values

reaching as high as +20 m yr−1 (Figure 6). A clear thinning at its tributaries

is quite visible. On the other hand, G078418E34499N glacier appears to be

in a quiescent phase, where a significant down-wasting occurs along its lower
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reaches between 5100 m a.s.l and 5300 m a.s.l, and thickening takes place up-

glacier (Figure 6). Significant amount of thickening can be seen where one of

its tributaries meets its main branch. This tributary started to surge and has

the high potential to trigger the surge of its main branch, which does already

show positive elevation changes upstream.

5. Discussion

5.1. Surface elevation and mass changes in the Karakoram–Himalaya: a com-

parison with previous studies

Numerous studies, based on different datasets, have indicated a transition

from less negative or positive glacier elevation changes in the Karakoram com-

pared to considerable mass loss in the Himalaya for early 21st century (Figure 1

and Supplementary Table 2). Figure 1 shows the mass change rates and scaled

elevation change rates (per unit area) observed by previous studies including

this one. Our reported values are consistent with the published studies and

agree with the transitional changes in the Karakoram–Himalaya. This study

improves the current knowledge of glacier elevation/mass changes in the JK

West and JK East regions with very high spatial details covering up to 98 % of

the glacierized area.

Previously, Kääb et al. (2012, 2015) reported glacier elevation change rates

for these regions for the period 2003–2009. A direct comparison is difficult

as their studied regions are not identical to ours and the observation time

is also partly different. Moreover, Kääb et al. (2012, 2015)’s estimates were

based on sparse ICESat footprints which left significant glacierized area un-

observed, whereas we present more spatially detailed estimates. In a recent

work, Brun et al. (2017) presented geodetic glacier mass balances for the entire

HMA using time-series of ASTER DEMs for the period 2000–2016. We subset

their measurements as per our study regions. Their average glacier elevation

change (−0.49±0.10 m yr−1, median: –0.46 m yr−1) for the JK West region

is quite consistent with our estimates (−0.50±0.28 m yr−1, median: –0.48 m
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yr−1). However, for the JK East region, they found less negative elevation

change rates (−0.09±0.08 m yr−1, median: –0.10 m yr−1) compared to ours

(−0.19±0.22 m yr−1, median: –0.24 m yr−1), although within the error range.

The hypsometric comparison also indicates the overall consistency between our

estimates and Brun et al. (2017) although their values were derived from differ-

ent data over a larger observation period and a different method (Supplementary

Figure 5). Lin et al. (2017) recently published elevation changes of the eastern

Karakoram, including a portion of the JK East region, using SRTM–TanDEM-X

dataset for the period 2000–2014. Their reported estimate (−0.12±0.07 m yr−1)

is also within the error range of our measured value.

5.2. Contrasting surface elevation change patterns on a glacier scale and possible

reasons

Glacier surface elevation change is the result of energy balance including ab-

sorption of solar radiation and related heat transfer due to supraglacial features

(debris-cover, lakes, ice cliffs etc.) (Vincent et al., 2016). The maximum thin-

ning rates of type-1 glaciers at their glacier termini can be explained by higher

air temperatures at lower altitudes and significant absorption of radiation by

clean ice. These glaciers have either clean ice or very less amount of supraglacial

debris in their ablation zones. However, we expect that the debris-cover influ-

ences thinning in case of type-2 glaciers. Usually down-glacier areas have thicker

debris-cover, compared to up-glacier areas, which can insulate the glacier ice

from the incoming shortwave radiation, reducing ice melt (Pratap et al., 2015;

Anderson and Anderson, 2016). This insulation effect is also visible on a regional

scale where thinning is higher for clean ice compared to debris-covered ice at

similar altitudes, i.e. 3800–4200 m a.s.l in JK West and 4700–5200 m a.s.l in JK

East (Supplementary Figure 6). Previously Gardelle et al. (2013) and Ragettli

et al. (2016) made the similar conclusions for Hengduan Shan, Nepal, Bhutan

and Hindu Kush regions. However, Kääb et al. (2012) found comparable thin-

ning rates for debris-covered and clean ice in the Karakoram–Himalaya based

on their regionally averaged observations. Although our hypsometric analysis
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of elevation changes and debris-cover extent indicate an insulation effect, we

cannot provide further quantitative evidence to support this or to better con-

strain the analysis. We also analyzed data from Bara Shigri Glacier in adjacent

Lahaul-Spiti region in this respect by comparing elevation change rates and de-

bris thickness (Supplementary Figure 7). The modeled debris cover thickness by

Schauwecker et al. (2015) does not relate to the elevation change information.

There are two possible reasons for this discrepancy. First, the model might un-

derestimate the debris thickness due to unknown energy exchanges within the

debris cover. Second, the thinning is dominated by supraglacial ponds, lakes

and ice cliffs over the debris-covered parts of the glacier.

The above-mentioned second reason also explains the type-3 elevation change

pattern. In this case, the maximum thinning also takes place at or nearby

glacier terminus. Although our data cannot quantify the extents of supraglacial

ponds, lakes and ice cliffs, we visually inspected them on type-3 glaciers using

high-resolution Google Earth images. For these glaciers, we expect that the ice

melt due to ice cliffs and supraglacial water bodies dominate over the insulating

effects of debris-cover. The significant ice melting due to ice cliff ablation and

supraglacial water bodies are quite known (Sakai et al., 2000; Benn et al., 2012;

Reid and Brock, 2014; Dobreva et al., 2017). Ice cliffs have the potential to

absorb considerable amounts of heat compared to the adjacent debris-cover and

foster ablation despite their low spatial extents (Sakai et al., 2002). Ragettli

et al. (2016) also found the highest thinning in the regions containing numerous

ice cliffs and supraglacial ponds.

5.3. Surge-type glaciers

In the JK East region, 12 glaciers have already been identified as surge-type

glaciers by one or other published studies (Copland et al., 2011; Bhambri et al.,

2013; Rankl et al., 2014). We noticed 16 additional glaciers that surged during

our observation period. They are indicated as N in the Supplementary Figure 4.

In total 25 glaciers surged (type-S) and four glaciers (type-Q) appeared to be in a

quiescent phase in this period (Supplementary Figure 4). The limitations of the
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optical data to manually delineate the glacier outlines and lack of time-series

velocity data are the most probable reason that some of these glaciers could

not be identified previously. Identifying surging glaciers using elevation change

measurements has proved to be a suitable technique (Gardelle et al., 2012,

2013; Rankl and Braun, 2016; Bolch et al., 2017). This helps to distinguish the

ice-receiving area (thickening) and ice-reservoir area (thinning) during a surge

phase.

6. Conclusions

This study presents spatially detailed glacier elevation change observations

for the Jammu and Kashmir region (Karakoram–Himalaya) for the period 2000–

2012. The combination of the SRTM DEM and the bistatic TanDEM-X data

for quantifying such observations in high-mountain Asia has been proven to be

a suitable technique by previous studies. The consistency between our esti-

mates and the previous study using time-series of ASTER DEMs strengthens

the suitability of SRTM–TanDEM-X combination for such observations.

Our observations also indicate a transition from higher thinning rates in the

western Himalaya to lower thinning rate in the Karakoram, as noted by previous

studies. The debris-covered glaciers in these regions show heterogeneous pat-

terns, which are most likely linked with the thermal inertia of the debris cover,

supraglacial lakes, ponds and ice cliffs. Although our observations indicate the

insulating effect of the debris cover on regional and glacier scales, we did not find

any correlation between debris-cover thickness (insulation) and ice thinning for

one of the largest glaciers (Bara Shigri Gl.) of the western Himalaya . Potential

reasons include the uncertainties of the energy-balance model. We stress that

future work should emphasize on improving existing models to estimate debris

thickness and to predict the energy transfer between co-existing supraglacial

features (debris, ponds, lakes and ice cliffs) and the glacier ice. The quantita-

tive assessment of the role of supraglacial water bodies and ice cliffs on glacier

surface elevation change (or ice melt) is an active area of research.
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Our elevation change observations revealed 16 additional surge-type glaciers

which were not documented before. Overall out of 29 surge-type glaciers, 25

glaciers surged and 4 others appeared to be in a quiescent phase during 2000–

2012. The elevation changes of surge-type and non surge-type glaciers were on

average not significantly different.
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Figure 1: Plot showing glacier mass change rate and scaled glacier elevation change (per unit

area) in Tien Shan, Tibet, Himalaya and Karakoram reported by previous studies including

this study. 1 (Neelmeijer et al. (2017)), 2 (Li et al. (2017)), 3(Neckel et al. (2017)), 4(Li and

Lin (2017), 5 (Neckel et al. (2013)), 6 (Vijay and Braun (2016)), 15 (Bolch et al. (2011)), 16

(Ragettli et al. (2016)), 20 (Bolch et al. (2017)), 21 (Rankl and Braun (2016)), 24 (Gardelle

et al. (2012)). The observations by Kääb et al. (2012), Brun et al. (2017) and Gardelle et al.

(2013) are shown by red, blue and green respectively.
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Figure 2: Map of glacier elevation change over the JK West region of Himalaya during

2000−2012. Inset shows the mountain ranges in HMA and the JK West region presented

by a blue rectangle. The detailed study map is shown in Supplementary Figure 1.
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Figure 3: Map of glacier elevation change over the JK East region of Karakoram during

2000−2012. Inset shows the mountain ranges in HMA and the JK West region presented by

a red rectangle. The detailed study map is shown in Supplementary Figure 1.
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Figure 4: Mean elevation change of 1164 glaciers in the JK West and 1144 glaciers in the JK

East during 2000–2012. The mean elevation change rate is represented by X-axis, whereas two

Y-axes represent the surface area (left Y-axis) of the observed glaciers and the proportion of

total glacierized area (% TGA) covered by them (right Y-axis). The red dotted line indicates

the 0 of all the axes.
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Figure 5: The left and panels show the elevation change (dh/dt) map and hypsometric eleva-

tion change plots of the glaciers classified as type-1,2 and 3. The blue and black bars in the

hypsometric plots show the fraction of total glacierized area and debris-covered area in the

altitude bins. The red squares represent the median elevation change of all the points in the

corresponding bins.
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Figure 6: Same as Figure 5 but for type-S and type-Q glaciers.
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Highlights

• Jammu and Kashmir (JK) glaciers show heterogeneous mass changes dur-

ing 2000-2012

• JK East (Karakoram) glaciers show lesser changes compared to JK West

(Himalaya)

• Elevation change patterns indicate the role of debris cover, ponds and ice

cliffs

• In total, 25 glaciers of the JK East region surged during 2000-2012

• Mass changes of surge-type and non-surge glaciers are not significantly

different
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