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ARTICLE INFO ABSTRACT

Glaciers in the upper Indus supply more than half of the river water, are experiencing significant melting with a
debated fate. The recent melting rate is still contained by considerable uncertainties, hindering to estimate
precise glacier mass change. Here we present geodetic mass balance results for the whole Indus Basin using
SRTM and ALOS 30 m elevation data, improved glacier inventory, optimized glacier surface density, and vali-
dation through in-situ differential GPS and ICESat data. Our glacier inventory and derived by improving RGI6.0
boundaries and separated into debris cover and debris free parts. The derived surface elevation changes were
converted into annual mass balances using separated density assumptions (four criteria) for debris-covered ice
(900 + 60kg m’3), debris-free ice (below 20° and 25° slopes (850 + 60 kg m~2) and above 20° and 25° slopes
(600 + 60kgm™>)), respectively. The resulting mass balance biased between —0.20 and 0.09m water
equivalent (w.e.) a™! using an average (850 + 60 kgm ~>) density assumption throughout the Indus Basin. In the
western Himalaya and Hindu Kush, the glacier mass losses are less affected by the average density assumption
compared to the Karakoram. The western (Hunza) and central (Shigar) Karakoram glaciers show negligible mass
losses of —0.02 *+ 0.12and —0.01 *+ 0.13mw.e.a" ' in contrast to the relatively more negative mass balance
(—0.26 + 0.2l mw.e.a" ') in the eastern (Shyok) Karakoram. All the sub-basins exhibit negative mass bal-
ances, with the most negative values ranging from —0.34 + 0.31 to 0.44 + 0.27mw.e.a” ! in the Ravi,
Chenab and Jhelum sub-basins of the Himalaya. The whole Indus Basin contributes approximately
+0.014 = 0.016 mma ™" to the global mean sea-level equivalent.
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1. Introduction

The total water supply contributed approximately 50% by snow and
glaciers (Winiger et al., 2005). Per capita water availability in Pakistan
has decreased from 5260 cubic meters in 1951 to below 1000 cubic
meters in 2016 (National Water Policy, 2018) mainly due to demo-
graphic growth and mismanagement. Glaciers will continue to experi-
ence substantial ice loss, with the major losses in the Indus Basin
(Shrestha et al., 2015). The increased melting has a high probability of
hazards/disasters (Tian et al., 2017), downstream flooding (Lutz et al.,
2016; Milner et al., 2017), which may cause economic losses and ca-
sualties (Haq et al., 2012; Memon et al., 2015), and therefore requires

careful monitoring.

Glaciers are mostly observed using remote sensing instruments, but
most of the studies do not provide full spatial coverage (e.g., Gardelle
etal., 2013; Kadb et al., 2015, 2012). Most importantly, the majority of
previous studies used constant densities for volume to mass change
estimations (Bolch et al., 2017; Gardelle et al., 2013, 2012a; K&ab et al.,
2015; Zhou et al., 2017). Although, a recent study extended the spatial
and temporal coverage of glacier observations in the High Mountain
Asia (HMA) (Brun et al., 2017), the study used constant ice densities
and existing inventories that may contain significant uncertainties in
regions where glaciers are mostly accumulating in steep terrain and the
density is significantly lower (Hewitt, 2011, 1998). In addition, the
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glacier-wide density is also expected to be smaller (Huss, 2013) than
the widespread average density applied. The average density assump-
tion for volume to mass conversion represents a potential source of
error (Zemp et al., 2010). Huss (2013) shows that the constant density
assumptions also have substantial variability in geodetic mass balance
measurements constrained by short temporal coverage.

In this study, we emphasize the sensitivity of ice density assump-
tions for volume to mass change conversion, particularly in the upper
part of the glaciers. The Shuttle Radar Topographic Mission (SRTM),
Advanced Land Observing Satellite (ALOS) 30 m elevation data and the
latest available glacier boundaries (RGI6.0) that were improved and
separated into debris-covered and debris-free part (Kraaijenbrink et al.,
2017) in this study, fulfilled our objective. ICESat and dGPS data helped
to validate (Wesche et al., 2009) the glacier mass balance results. This
study provides estimates of volume to mass change estimates on sub-
basin scale using separated densities for the debris-covered and debris-
free as well as area below and above 20° and 25° slope of glaciers and
improved glacier boundaries. This allows us to estimate the contribu-
tion to discharge in the Indus river as well as sea-level rise.

2. Study area

The trunk of the Indus River originates in the western Tibetan
Plateau, flows through Ladakh, and Zanskar river located in the Indian
administered part of Kashmir before entering the mountain areas of
Gilgit-Baltistan administered by Pakistan and enters the Arabian Sea. Its
total catchment area is more than 1.1 million km?, with the upper part
comprising the Hindu Kush, Karakorum, and Himalayan ranges. The
headwaters of the Indus River are in Shiquanhe on the western Tibetan
Plateau, and the river then merges with the Satluj, Beas, Ravi, Chenab,
Kharmong, Shyok, Shingo, Jhelum, Astore, Shigar, Hunza, Upper Indus,
Gilgit, Swat, and Kabul rivers. Karakoram, Himalaya, and Hindukush
cover approximately 58%, 30%, and 12% of the glaciers, respectively
(RGI Consortium, 2017). The basin provides water for commercial and
domestic consumption by the downstream population. Millions of
people living downstream are directly or indirectly dependent on Indus
River water. The climate of the upper Indus is characterized by sub-
Mediterranean circulation from the west, summer monsoon and the
anticyclone from Tibet (Hewitt, 2011, 1998; Lutz et al., 2016; Maussion
etal., 2014). The upper portions of the Indus Basin can be classified into
high-elevation (glaciers) areas, moderate-elevation (seasonally snow
covered) areas and low-elevation (rain-fed) valley floors (Archer,
2003). Fig. 1 shows a map of the study area.

3. Methodology

The study uses SRTM, ALOS, ICESat, and dGPS data. The method to
process these data comprises of four parts: i) glacier outline extraction,
separation into debris-covered and debris-free, ii) geometric correction,
iii) SRTM C-band penetration correction, iv) surface elevation change
and mass balance and v) inter-comparison of ALOS, SRTM, ICESat and
dGPS data and uncertainty estimation. The method for updating glacier
inventory (separated into debris-covered and debris-free) is described
in Supplementary material. The details of selected methodological steps
are described in the following section.

3.1. Geometric correction

The geodetic method of digital elevation model (DEM) differencing
was used to estimate mass balance from the SRTM-C and ALOS DEMs,
which both have spatial resolutions of 30 m. Before differencing the
DEMs, a co-registration was performed to overlay and compare each
pixel of both data sets optimally. A systematic half-pixel planimetric
bias existed in the ALOS DEM compared to the SRTM owing to the
definition of the pixel location (corner vs. center). Therefore, a shift of
12.73m and 15.40 m (approximately equivalent to half a pixel) was
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applied to the easting and northing directions, respectively, of the ALOS
DEM using the shift tool in ArcGIS. After the shift, the DEM were dif-
ferenced and compared on different aspects over non-glacier terrain
(Gardelle et al., 2013). This process follows the methodology of Nuth
and Kaab (2011) to correct geometric and elevation dependent biases
for all the sub-basins. The altitude dependent biases were corrected for
each sub-basin applying an average value for each 100 m elevation bin.
The elevation difference over non-glacier areas was compared using the
ALOS and SRTM data. The distribution of off-glacier height differences
is within = 20 m difference which is expected in a rugged topography
(Berthier et al., 2006; Kaab, 2005) and cause negligible average surface
elevation change after removing the outliers.

3.2. SRTM C-band penetration correction

One of the major problems associated with SRTM data to estimate
glacier surface elevation change and mass balance is the C-band pe-
netration into ice and snow (Gardelle et al., 2013; Kiab et al., 2015,
2012). Before evaluating surface elevation changes and mass balance, a
correction for the C-band penetration into ice and snow was applied to
all sub-basins. The exact correction of the SRTM C-band penetration
depth is difficult to determine because of the lack of knowledge on the
precise snow/ice conditions at the time of SRTM data acquisition (Nuth
and Kaab, 2011). This study similarly estimated the penetration as in
the previous studies (Gardelle et al., 2013, 2012a,b), i.e., by comparing
SRTM-C with SRTM-X data over glaciers in each sub-basin separately.
Fortunately, the release of 30 m SRTM-C data (previously only available
in 90 m resolution outside the United States (US)) enabled us to avoid
any re-sampling discrepancies in comparison with the SRTM-X data,
which was already available with a 30m resolution. However, the
coverage of the penetration estimation was limited to the narrow swath
of SRTM-X data. The derived C-band penetration is also an approx-
imation, as the SRTM X-band energy also tends to penetrate into ice and
snow (Gardelle et al., 2012a,b). In the central Karakoram, the estimated
bias was expected to be —0.10mw.e.a” ! (Rankl and Braun, 2016).
These estimates have still a limitation of data acquisition in different
years because radar penetration varies with time in a year. Therefore,
we used the X-band penetration calculated in the Karakoram region as
the penetration bias. The C-band penetration was calculated for each
sub-basin to derive surface elevation change estimates. The penetration
values fluctuate throughout the Indus Basin and increase as elevation
increases. On average, the penetration values in the Hindu Kush, Hi-
malaya, and Karakoram are estimated to be 2.7 = 1.3m, 1.7 = 1.1m
and 2.4 * 1.3m, respectively. The values of penetration increased
heterogeneously from an elevation above 4500 m a.s.l. at a threshold of
an approximately 2 m and reached up to 10 m in the accumulation area
calculated within 100 m elevation bins. The C-band penetration bias in
the glacier surface elevation change was removed using the average
values within each 100 m elevation bin for all sub-basins. The bias in
penetration as in the Karakoram due to the SRTM-X and C-band (E;)
was added to the uncertainty in the annual mass balance results (Bolch
et al., 2017).

3.3. Glaciers surface elevation change and mass balance estimation

After the DEM co-registration, the corrected RGI6.0 glacier bound-
aries were used to extract the SRTM DEM and ALOS DEM for the gla-
cierized region. The glacier areas of the SRTM DEM were subtracted
from those of the ALOS DEM to obtain the glaciers surface elevation
changes (Eq. (1)). These changes were used to estimate the annual
glacier mass balance.

AH = Hyr0s — Hsgrm (@)

The SRTM DEM was acquired in February 2000 assuming it as re-
presentative of the post-ablation season of 1999 (Bolch et al., 2017).
Although, some researchers have considered the effect of accumulation,
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Fig. 1. Location map of the study area. The map shows sub-basins, mountain ranges and glacier outlines (clean ice and debris-covered) in the Indus Basin. The Map
also shows dGPS and ICESat data footprints that were used for validation of glacier surface elevation changes.

in the current study it is considered as negligible and is equivalent to
the SRTM X-band penetration to remove the bias in addition to the
calculated C-band penetration. We base this assumption on the fact that
precipitation in the 1999-2000 winter was the lowest between 1975
and 2005 (Sarfaraz et al., 2015). Similarly the snow cover in February
2000 was the lowest in this month between 2000 and 2017 (NASA
Earth Observatory, 2017). The assumption that SRTM represents the
ablation period of 1999 is considered to compensate for SRTM X-band
penetration bias. The ALOS DEM was generated using images acquired
from January 2006 to May 2011 by the PRISM sensor aboard the ALOS
satellite. Unfortunately, the exact date of the data acquisition is un-
known for the ALOS DEM. We assume that the ALOS data are uniformly
distributed in space and time in the region. This assumption allows us to
use 2008 as the median year (considering that negligible data were
acquired during 2011) with the unknown dates “t” having a standard
deviation of 1year. However, this assumption introduces some un-
certainty, in extreme cases, the data might have been acquired in either
2006 or 2010 (assuming negligible data obtained in 2011 because the
satellite stopped acquiring data from April). The uncertainty in the
annual glacier change was derived considering both of these cases, as
the shift represents either six years or ten years. The six- and ten-year
changes were subtracted (absolute values) from the assumed eight-year
change and averaged for possible uncertainty (Eyo) (over- or under-
estimation) in the estimated surface elevation change, as described in
Egs. 2-4.

UE = Absolute(HALOS — Horrm ~ Haros — HsRTM)

8 6 ©)
OE = Absolute(HALOS — Hsgrm _ Haros — HSRTM)

8 10 3)
Buo = VE+ OF _ = +Error @

where UE and OE represent underestimation and overestimation, re-
spectively. This represents a + 2-year uncertainty in the derived results.
These estimates also contain seasonal uncertainty associated with the
unknown data acquisition dates, which cannot be directly estimated.
We expect the seasonal and annual changes in the observed study
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period to be homogenous considering the insignificant changes in
summer and winter temperature and precipitation (Muhammad and
Tian, 2016), and we have added this uncertainty to the results, which
increase the uncertainty to + 2.5 years (Eo).

The density of the glacier ice varies from ablation to accumulation
zone. The derived surface elevation difference was converted into water
equivalent (w.e.) for glacier ice below and above 20° and 25° slope
using SRTM 30 m data. The slope thresholds are assumed following
Hewitt (2014, 2011) and Immerzeel et al. (2013). Practically, the exact
variable density quantification is nearly impossible. For debris-covered
and debris-free ice on slopes < 25° which is mostly in the ablation area,
900 + 60kgm™> and 850 = 60kgm > densities were applied, re-
spectively. For debris-free ice on slopes =25°, we used density of
850 + 60kgm™> because some of the ice is not fully compacted and
have low density (Huss, 2013). Most of the glacier surface ice on slopes
steeper than approximately 25° is firn and snow (Immerzeel et al.,
2013; Khan et al., 2015). The firn and snow on slopes > 25°, which
eventually becomes part of a glacier, was assigned a density of
600 = 60 kgm’g’ (Cuffey and Paterson, 2010). Although the above
criteria have the possibility of some unknown uncertainty in association
with the movement of ice from the accumulation zones to the ablation
zones, such uncertainty is assumed negligible and unquantifiable. The
density of the glacier ice below the upper layer is usually quite high,
while the upper layer density is more important for glacier surface
elevation change. This assumption may produce some uncertainty in
the estimated mass balance. Therefore, we assume an uncertainty
of + 7% ( = 60kg m~3) (Huss, 2013). The average mass balance re-
sults were estimated for each sub-basin and mountain range in the
Indus Basin.

Some data are missing from both the SRTM and ALOS acquired
DEMs. This restricts the coverage of both the DEMs to about 63.22% of
the glacierized region. These data voids are almost entirely located in
the accumulation zones due to the poor performance of stereo data on
the bright surface (snow), steep slopes (~80% of the data above 25°
slope are voids) and clouds, and by SRTM in steep terrain. The elevation
changes are either positive or relatively very small in these areas in
contrast to the significant thinning in the ablation zones. Neglecting the
data voids could produce a negative bias in the average mass balance
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results (Bolch et al., 2017; Pieczonka and Bolch, 2015). Therefore,
thickness change was estimated in the region with data voids by
averaging the values of existing pixels assuming the void pixels ex-
perienced the mean elevation change of the measurable pixels in the
same altitude interval (Gardelle et al., 2012a,b). The mean error in the
elevation change was derived from the available pixels with values
within the most data void regions (dividing the elevation change by the
total number of available pixels in the voids). This error was applied to
the average mass balance as possible uncertainty.

3.4. Inter-comparison of ALOS, SRTM, ICESat and dGPS data and
uncertainty estimation

In 2014 and 2015, six glaciers were surveyed to obtain precise
ground-based dGPS measurements and to validate the surface elevation
changes derived from the ALOS and SRTM comparison. The dGPS data
were compared with ICESat data (2003-2008) for cross-validating the
annual surface elevation change (ALOS vs. SRTM) within the areas with
dGPS data, assuming homogenous temporal changes between 2000 and
2015 with respect to the insignificant changes in climate data during
this period (Muhammad and Tian, 2016). The comparison of thickness
change in 2003 to 2008 and 2008 to 2015 for Sachen and Burche
glaciers (Muhammad and Tian, 2016) further verify the insignificant
change in climate data in this period. ICESat data within a 60 m dia-
meter were re-measured at 3-8 well-distributed locations as described
by Muhammad and Tian (2016). Four glaciers were measured in the
Hunza sub-basin, and one glacier each was measured in the Upper Indus
sub-basin and the Astore sub-basin. The ALOS vs SRTM and ICESat vs
SRTM comparison is shown in Table 1. The dGPS-based validation of
the ICESat data is shown in Table 2. The dGPS data (compared to ICESat
and SRTM) is confined exclusively to the ablation zones of the glaciers
and should only be compared with the data sets in Table 2. Results for
the Burche and Sachen glaciers have already been published
(Muhammad and Tian, 2016), whereas, data on the other glaciers have
not been previously published. For comparison, the thickness changes
were calculated for identical geolocations using ALOS and SRTM data
and were compared to those calculated using dGPS and SRTM data
(Muhammad and Tian, 2016). The results in Table 2 also verify ICESat
data-based validation, as shown in Table 1, and the difference in ele-
vation change values of Sachen and Burche glaciers lie within the ex-
pected range. The dGPS-based annual elevation changes are higher due
to the limited survey in the ablation zone. Consequently, the dGPS-
based validation data over Barpu, Ghulkin, Minapen, and Passu con-
tains differences of about 20 to 30 cm a! from the SRTM and ALOS-
based results in the annual surface elevation change. The results in

Table 1

Comparison of surface elevation changes (ma™ 1y derived from ALOS vs. SRTM
data and ICESat vs. SRTM estimates. The coverage is limited to areas where the
ICESat data overlap with SRTM and ALOS data (each ICESat footprint was
compared to 3-6 pixels within a diameter of 60 m).

Basin Name  ALOS VS SRTM ICESat VS SRTM No of Data
(ma™1) (ma™?h) Points
Astore —0.44 = 0.13 -0.33 = 0.15 29
Beas —-0.15 = 0.13 —-0.24 = 0.20 41
Chenab -0.60 = 0.05 -0.52 = 0.06 719
Gilgit -0.13 = 0.19 -0.25 = 0.17 151
Hunza —-0.21 = 0.13 —0.30 = 0.15 577
Indus Upper —0.51 * 0.22 —0.56 = 0.22 141
Jhelum -0.33 = 0.17 —0.48 = 0.23 13
Kabul -0.26 = 0.15 —0.38 = 0.17 355
Kharmong —0.32 = 0.05 —0.37 = 0.05 511
Ravi -0.64 = 0.26 —-0.66 = 0.24 39
Satlyj —0.67 = 0.16 —-0.69 = 0.18 339
Shigar 0.01 = 0.07 —0.01 = 0.08 576
Shingo —0.42 = 0.07 —0.31 = 0.08 90
Shyok —0.08 = 0.04 0.00 = 0.04 1386
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Table 2
Comparison of glacier surface elevation changes (m a™) derived from ALOS vs.
SRTM data with dGPS data and ICESat data.

Glacier Basin ALOS VS SRTM  dGPS VSICESat dGPS vs SRTM  No of
Name Name (ma™?!) (ma~1) (ma~') Data
Points
Sachen Astore —0.15 + 0.05 —0.26 = 0.02 —0.08 = 0.04 68
Burche Indus -0.24 = 010 -0.15 = 0.03 -0.17 = 0.08 57
(Up)
Ghulkin  Hunza +0.18 = 0.13 +0.07 = 0.08 +0.10 * 0.14 04
Passu Hunza -1.51 * 0.12 -1.66 * 092 —1.76 + 0.08 04
Barpu Hunza -0.80 = 0.07 —-0.64 = 0.15 —0.51 £ 0.04 09
Minapen Hunza -—2.01 = 0.28 - —2.20 £ 0.30 28

Tables 1 and 2 should not be compared with the mass balance results in
Table 4 and the data in these tables are limited to ICESat and dGPS,
respectively. The difference of column 2 and 3 in Table 1 is equal to the
difference of ALOS (assumed as acquired in 2008) and ICESat
(2008-2009), which is the possible uncertainty in the assumption of the
ALOS data acquisition time. Table 2 is a double check of the uncertainty
as in Table 1 but not considered for any further analysis. The maximum
bound of the uncertainty was estimated by equation (5) (Bolch et al.,
2017; Muhammad et al., 2019).

E=Epp + E; + Ep + Ep (5)

where Ep, E, Ep, Ep, are uncertainty associated with thickness change,
the difference in data acquisition time, penetration and density as-
sumption, respectively.

4. Results
4.1. Comparison results of updated glacier inventory

The difference of glacier inventory in this study compared to
ICIMOD and RGI (version 4.0 and 6.0) is shown in Table 3. The reason
for selecting these inventories was the full spatial coverage of the study
area glaciers. The RGI version 4.0 and 6.0 (version 6.0 is similar to 5.0
for the study region) were compared to assess the improvement in the
current version. The RGI4.0 and ICIMOD inventories exhibit overall
underestimations when compared to the glacier outlines in this study,
but the RGI6.0 inventory presents a significant improvement over its
previous version. The RGI4.0 uncertainties (difference with our in-
ventory) for the Astore and Gilgit sub-basins are significantly reduced
in RGI6.0 from +53.8% and —26.3% to +2.5% and + 3.7%, respec-
tively. For the Hunza sub-basin, the 5.2% underestimation in RGI4.0
shifts to an overestimation of the same magnitude in RGI6.0. Note,
positive signs represent overestimations, and negative signs represent
underestimations. The remaining uncertainty of approximately 5% (at
most) in the glacier outlines in the RGI6.0 glacier inventory was as-
sumed as uncertainty constrained by Landsat satellite data quality. The
overlap ratio of RGI6.0 also shows considerable precision (Table 3). The
spatial differences (over/underestimations) in the glacier outlines in
RGI6.0 compared to those in this study are also shown in the maps in
Supplementary Figures S1-S3. Some examples of the spatial difference
in glacier boundaries of this study and RGI6.0 from Astore, Gilgit, and
Hunza sub-basins are shown in Fig. 2. The main difference in the
boundaries is owing to the misclassification of debris-covered areas that
were mapped in this study and used for the mass balance estimation.
The total glacier cover area in the improved inventory of the Indus
Basin were 26,029 km?, including 2605km? of debris cover (debris
cover is almost 10% of the total glacier cover).

4.2. Mass balance estimation

The mass balance of glaciers in each sub-basin are listed in column 3
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Table 3
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Overlap ratios and common areas for the areas of glaciers in select sub-basins between the results of this study and the ICIMOD, RGI4.0, and RGI6.0 glacier
inventories. Overlap ratio values of RGI6.0 in comparison to our study are highlighted.

Comparison Area (Sq. Km.) Overlap ratio Common area

Astore Gilgit Hunza Astore Gilgit Hunza Astore Gilgit Hunza
This Study 251.7 1139 4053 1 1 1 251.7 1139 4053
ICIMOD 239.3 879 2745 0.86 0.80 0.78 211.6 799 2617
RGI4.0 545 839 3836 0.58 0.62 0.73 216.4 603 2893
RGI6.0 257.9 1181 4262 0.89 0.92 0.93 227.3 1063 3850

and 4 of Table 4. One of the most important findings of this study is the
sensitivity of mass balance to density assumptions. In mass balance
method 1 we used a constant density of 850 + 60kgm™>. In mass
balance method II, a density of 850 + 60kgm-3 for debris-free ice
with a slope <25°, 600 + 60kgm™> for debris-free ice with a
slope > 25° and 900 + 60 kg m ™ for debris-covered ice. Mass balance
method III considers the same ice density assumption as in method I at
the slope threshold of 20°. In method IV, the glacier is divided into two
classes i.e. below and above 20° slope and a density of
900 + 60kgm™> was applied to glacier ice with slopes <20° and
800 + 60kgm ™3 of density was assumed for glacier ice with
slopes > 20°. The surface elevation changes (m) and annual mass bal-
ance values derived from the method I are labelled in selected sub-
basins are shown in Fig. 3. In mass balance method III, the density
assumption is similar as in method II but the slope cut off is 20°. Mass
balance method IV makes only two density assumptions that are
900 + 60kgm™2 for debris-covered and debris-free ice <20° slope
and 800 = 60kgm ™2 for slopes > 20°. The average density assump-
tion (as compared to the other three-density assumption criteria) pro-
duces a bias between —0.20 and 0.09 m w.e.a~ *. The bias is maximum
in the densely glacierized sub-basins of the Karakoram. The bias in the
Hindu Kush and Himalaya is comparable. Overall, the bias due to the
constant density assumption results in a reduction of the imbalance by
35%.

Here we describe results obtained from mass balance method II as in
Table 4. All the sub-basins of the Indus Basin show negative mass
balance with variable rates. The Hunza and Shigar sub-basins (Kar-
akoram Region) exhibited negligible mass losses. The mass balance of
Shyok sub-basin in the eastern Karakoram is more negative compared

=+
=+

Table 4

to the other sub-basins in the Karakoram. In contrast, most negative
mass balance (more negative than —0.34m w.e.a™ 1) is observed in the
Chenab, Jhelum and Ravi sub-basins (in the south of the western Hi-
malaya). The overall mass balance of the Hindu Kush Himalaya region
of the Indus Basin is comparable. The glacier mass balance values
varied in the Karakoram region from east to west and were more het-
erogeneous in the Hindu Kush region, but were homogenously negative
in the Himalaya sub-basins.

The estimated mass change from mass balance method II was con-
verted into Gt a~', as shown in column 5 of Table 4. On the regional
scale, almost half of the mass losses came from the Himalaya although
the glacier coverage in this region is less than one-third of the Indus
Basin. On the other hand, total mass losses in the Hindu Kush is half of
the Karakoram covering only about 12% of the glacierized region.
About 40%, 20% and 13% of the mass losses in the Indus Basins are
from the Shyok, Chenab and Kabul sub-basins, respectively. The re-
maining 27% are from the rest of the eleven sub-basins. As a whole, the
Indus Basin contributes approximately 0.014 + 0.016mma™! to the
global mean sea-level equivalent.

5. Discussion

Variety of earlier research work focused on the glacier mass balance
in the Indus Basin, this paper presents a new result on the glacier mass
losses in the entire Indus Basin. We used variable glacier ice density for
the volume to mass change estimation as the average values produce
significant bias, particularly for the densely glacierized basins. Our
results of comparing various density assumptions (as in Table 4) for
volume to mass change estimation show significant positive bias

Mass balance of the sub-basins of the Indus Basin and regions (the Karakoram, Himalaya, and the Hindu Kush). In mass balance I, an average density of
850 + 60kgm > was assumed for the whole glacierized region. In mass balance II, we consider a density of 850 = 60kgm > for debris-free ice (slope <25°),
600 + 60kgm ™ for debris-free ice (slope > 25°) and 900 + 60kgm~* for debris-covered glacier regions. Mass balance III uses same density criteria as in I

revising the slope threshold to 20°. Mass balance IV considers a density for ice <20° of 900 + 60kgm~> and > 20° of 800 + 60kgm >.
Basin/ Region Glacier Mass balance I Mass balance II Mass balance III Mass balance IV Min. Diff. Max. Diff. Mass loss in Gt a~!
Name area (mw.ea ' * 20) (mw.ea ' * 20) (mw.ea ' * 20) (mw.ea ' = 20) between between
(Km?) method I method I
and others and others

Astore 252 —0.29 = 0.22 —0.31 = 0.24 —0.34 = 0.25 —0.30 = 0.22 —0.01 —0.05 —0.08 = 0.06
Beas 506 —-0.15 = 0.15 —-0.20 = 0.19 —-0.22 = 0.19 —-0.17 = 0.16 —0.02 —-0.07 —0.10 = 0.09
Chenab 2656 —0.33 = 0.26 —-0.37 = 0.30 —-0.39 = 0.31 —-0.34 = 0.27 —0.01 —0.06 —-0.97 = 0.78
Gilgit 1139 —0.09 = 0.12 —-0.14 = 0.17 —0.16 = 0.18 —0.11 = 0.13 —0.02 —0.07 —0.16 = 0.18
Hunza 4053 0.11 = 0.15 —-0.02 = 0.12 —-0.05 = 0.13 0.14 = 0.14 0.03 —0.16 —0.09 = 0.49
Indus Upstream 1013 —-0.01 = 0.13 —0.07 = 0.15 —0.09 = 0.16 —0.03 = 0.13 —0.02 —0.08 —0.19 = 0.45
Jhelum 252 —-0.41 = 0.32 —-0.34 = 0.31 —-0.32 = 0.32 —0.35 = 0.32 0.06 0.09 —0.06 = 0.06
Kabul 2090 —0.26 = 0.24 —0.30 = 0.25 —-0.32 = 0.27 —0.28 = 0.24 —0.02 —0.06 —0.63 = 0.53
Kharmong 1465 —-0.17 = 0.22 —0.26 = 0.24 —0.30 £ 0.25 —-0.19 = 0.22 —0.02 -0.13 —0.37 * 0.35
Ravi 157 —-0.43 = 0.27 —-0.44 = 0.27 —0.46 = 0.25 —0.42 = 0.25 —0.01 —0.03 —0.07 = 0.04
Satluj 1520 —0.20 = 0.23 —0.25 = 0.24 —0.28 + 0.25 —0.22 = 0.23 —0.02 —0.08 —0.38 = 0.36
Shigar 2985 0.11 = 0.15 —-0.01 = 0.13 —0.09 + 0.15 0.14 = 0.14 0.03 —-0.2 +0.04 = 0.42
Shingo 628 —0.18 = 0.23 —-0.26 = 0.25 —0.29 = 0.25 —0.21 = 0.24 —0.03 -0.11 —-0.16 = 0.16
Shyok 7313 —-0.21 = 0.21 —-0.26 = 0.24 —-0.28 = 0.24 —-0.23 = 0.22 —-0.02 —-0.07 —-1.88 = 1.71
Himalaya 7727 —-0.25 = 0.22 —0.30 = 0.23 —-0.33 = 0.23 —-0.26 = 0.22 —0.01 —0.08 —-2.29 + 1.75
Hindu Kush 3129 —-0.21 = 0.23 —0.25 = 0.24 —0.28 + 0.26 —-0.22 = 0.24 —0.01 -0.07 —-0.78 = 0.77
Karakoram 15,173 —-0.03 = 0.17 —-0.13 = 0.18 —-0.16 = 0.17 —0.05 = 0.15 —0.02 -0.13 —-1.72 = 2.53
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Fig. 2. Difference in glacier outlines at selected locations of Astore, Gilgit and Hunza sub-basins derived in this study (black lines) and RGI6.0 (red lines). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

particularly in the densely glacierized sub-basins of the Karakoram. We
apply variable density (Huss, 2013) for different slopes and differ-
entiate between debris-covered and debris-free ice (Hewitt, 2014;
Immerzeel et al., 2013). The bias caused by the assumption of the
average density of 850kgm™® varied between —0.20 and
0.09mw.e.a”! throughout the Indus Basin. The bias comes mainly
from the thickness change and glacier cover above 20° and 25° slope
where 600 kg m ™2 density was assumed. The glacier cover area above
slopes of 25° is approximately more than 40% of the whole glacierized
region, but the bias is more concentrated in the Karakoram and ad-
jacent region where the magnitude of thickness change of glacier ice
above 25° is higher.

Data voids may also produce uncertainty in the mass balance re-
sults. Significant voids (~80%) in area with a slope “25° may produce a
large uncertainty in the results in case of higher density assumption
(density is most likely to be low in the area). However, in case of mass
loss throughout the glacierized area, the possibility of ice density is
higher as the surface melt exposes deeper ice with higher densities, this
is however a probable scenario. The variable (low) density assumptions
are more suitable in the areas where the accumulation happens in steep
terrain (as in most of the Indus Basin and in some of the HKH region)
and the mass losses are low or glaciers are even gaining mass. Therefore
we argue that possible variable densities should be considered in such
areas. The density assumption may be of less importance in areas where
the mountains are less steep with less thickness change in the accu-
mulation zones of the glaciers. Compared to the variable densities, the
average density assumption produced approximately 35% less im-
balance (Gt a~ 1) as a whole.

In addition to data voids, unknown acquisition time of datasets may
introduce some uncertainty. In this study, the upper bound of un-
certainty due to unknown data acquisition time of ALOS data is ~30%

of the annual mass balance results. However, this uncertainty does not
affect the main issue (density assumption) highlighted in this paper. We
compared our results for the Astore basin to the results from Brun et al.
(2017) (Fig. 4), which we converted from their original 16 year period
between 2000 and 2016 to the corresponding period of 2000 and 2008.
The overall spatial elevation changes show good agreement, with dif-
ferences from Bazhin glacier. Here our data indicate a surge, which has
been confirmed by locals. As the surged ice is possibly melted away, this
signal is likely not visible in the data of Brun et al. (2017), covering a
longer period of time. Such surges are common in the Karakoram
(Hewitt, 2014; Quincey et al., 2011; Steineret al., 2018) and have been
reported since the 19th century (Longstaff, 1910). Historic and repeat
photography (Niisser and Schmidt, 2017; Zhu et al., 2019), ground-
based measurements integrated with remote sensing imageries and
DEMs can also be used to understand local-scale and long-term glacier
dynamics (Muhammad et al., 2019). Few clearly visible surges can also
be seen in Fig. 3 of this study where ice thickened markedly in some
sections of the glacier tongue.

The derived results show an overall heterogeneous glacier mass
balance pattern in the Indus Basin in the first decade of 21st century.
The Karakoram region in the Indus Basin (except the Shyok sub-basin)
shows negligible mass loss compared to the other parts. The average
mass balance of the Karakoram is lower than the Gardelle et al.
(2012a,b) result of +0.11 = 0.22mw.e.a” !, but closest to the Kiib
et al. (2015) result of —0.10 + 0.06 mw.e.a”'. The mass losses in the
western and central Karakoram (Kiéb et al., 2015) are negligible, in
contrast to the eastern Karakoram where the mass balance values are
comparable to those in the adjacent Himalaya sub-basins. Summer
runoff in the Karakoram sub-basins, i.e., Hunza, Shigar, and Shyok, is
equally strongly correlated with mass balance and summer temperature
(measured at valley locations (Archer and Fowler, 2004)). In addition,
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Fig. 3. Surface elevation change in the whole period in most of the densely glacierized regions of the sub-basins (excluding Beas, Ravi, and Satluj for better

visualization) of the Indus Basin.
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Fig. 4. Comparison of glaciers surface elevation change (m) between this study and Brun et al., 2017 for the glacierized area of Astore Basin (western Himalaya).

the long-term mass balance observations in the Karakoram, spanning
the period 1973-2009, show negligible loss and are of the same order of
magnitude as in this study (Bolch et al., 2017; Zhou et al., 2017). These
studies extend the negligible and anomalously low mass loss status of
the Karakoram back to the 1970s. The most recent mass balance results
of the Karakoram covering the period of 2000 to 2016 show slightly less

negative mass balance than estimated during 2003-2008 in the same
study (Brun et al., 2017) and this paper. These results suggest that the
mass loss is slower in the second decade than the first decade of this
century. In addition, area changes in the central Karakoram, and the
upper part of Shyok sub-basin in the Karakoram are also insignificant
between 1973 and 2011 (Bhambri et al., 2013). The glaciers in the
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adjacent western Kunlun Shan show a slight mass gain, observed pre-
viously for 2003-2009 (Gardner et al., 2013; Kééb et al., 2015; Neckel
et al., 2014), further extended recently to the period of 2000-2014 (Lin
et al., 2017).

In contrast, the retreat rates and mass losses of the Himalayan
glaciers are the highest in the region. The glacier mass balance in the
south of the Himalaya, including the Chenab, Jhelum, and Ravi sub-
basins, is noticeably negative, comparatively to the other sub-basins.
However, the losses in these sub-basins, excluding Chenab, only exert a
small effect on the river flows because of the small glacial coverage. On
average, glaciers in the western Himalaya was losing mass at a rate of
—0.30 = 0.26 mw.e.a” ! during the study period (Brun et al., 2017;
Gardelle et al., 2013; Kaab et al., 2015). Further studies with extended
spatial coverage by high-resolution satellite data and measurements of
glacier ice density are recommended to reduce the possible uncertainty
in glacier mass balance estimations.

The negative mass balance during the study period contributed
approximately +0.014 + 0.016mma~! to global sea-level equiva-
lent. This imbalance is equivalent to one-third of the contribution by all
the glaciers in the HMA estimated during 2000-2016 by Brun et al.
(2017), while covering one fourth of the total glacierized area. These
results suggest that declining mass in the Indus Basin are of similar
importance as in the rest of HMA. The study shows that the glacier mass
losses are mostly from the Himalaya and the Hindu Kush regions in the
Indus Basin. Future changes in the climate will affect glaciers and the
downstream river flows, and the 21st-century projections of these
changes are extremely uncertain (Immerzeel et al., 2013; Lutz et al.,
2016). It is therefore crucial to collect more data in the field (Asad
et al,, 2017) and using remote sensing to understand the mass im-
balance better.

6. Conclusions

This study estimated the recent glacier mass balance in the Indus
Basin during the beginning of the 21st century, based on 30 m ALOS
and SRTM DEM data in conjunction with separated density assumptions
for debris-covered and debris-free ice above and below 20° and 25°
slope and improved RGI6.0 glacier outlines. The separated density as-
sumption reduces significant bias in volume to mass conversion con-
strained by thickness change of the glaciers in steep terrain (above
slopes of 20° and 25°). A constant density of 850 + 60kgm ™2 in a
more extended period (> 3 years as suggested by Huss (2013)) may not
be useful for glaciers with significant positive thickness change. The
improved and separated inventory (debris-covered and debris-free)
were further classified for snow density assumption and may reduce
uncertainty in total mass budget estimates. At the Indus Basin scale, the
mass balance is extremely negative in the northwest of the southern
sub-basins. The estimated mass balance of the glaciers in the western
Himalaya are comparable to those in the Hindu Kush where the effect of
density assumption is comparatively lower than the Karakoram because
of the small thickness change by glacier cover above a slope of 25°. We
found a contrasting pattern between east and west of the Karakoram
glaciers during the study period with significant bias (between —0.20
and 0.09mw.e.a™') as compared to a constant density 850 kgm >
assumption throughout the glacierized area. The density assumption
must be used with caution as it depends on several factors including the
magnitude of elevation changes in addition to the terrain (as considered
here). The whole Indus Basin (25% glacier cover of Asia) contribution
to sea-level equivalent is +0.014 %= 0.016 mma~ ' which is one-third
(0.04 mm a~ 1) of the HMA (Brun et al., 2017), in the early twenty-first
century. However, continuous glaciers monitoring in the region and
accurate glacier ice density assumptions for volume to mass conversion
in future are critical.
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