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In this study, we assessed the glacier stored water (1,620
340 Gt) using a combination of ice dynamics modelling
and volume-area scaling method and estimated glacier
mass loss (6.4%) from 2001 to 2013 for the Indus River
basin. Results indicate that the impact of climate change
is not uniform across the basin, especially the stark dif-
ference between the Western Himalayan region where
the glaciers are losing mass at the rate of -0.56 +
0.27 m.w.e. per annum and the Upper Indus where the
loss is at —0.18 £ 0.11 m.w.e. per annum.

Keywords: Climate change, glacier stored water, impro-
ved accumulation area ratio, mass balance, river basin.

THE Indus River basin covers an area of approximately
1 million km? and supports a population (2015) of 268
million people!. Glaciers act as buffers by providing the
crucial meltwater supply during summer especially in
drought years?. The contribution of snow and glacier melt to
the total annual discharge of the river is about 62%, high-
lighting the high level of dependency of the basin on snow
and glaciers®. Significant spatial variability is observed in the
glacier mass loss across the basin*°, with some regions
showing positive or zero mass loss!'. However, the entire
basin as a unit is consistently losing mass. This spatial varia-
bility in glacier mass loss can be attributed to a complex
amalgamation of climate, morphological and topographical
factors'?Y7. Climate change projections for the region sug-
gest that contribution from glacier melt water would peak
in the middle of this century and then decline®®. Additionally,
water demand for the basin is projected to increase in the
future?®. This large-scale loss in glacier mass will alter the
state of water security for high-altitude mountain communi-
ties and people living downstream in the plains, thereby
highlighting the urgency to mitigate and adapt to the ongoing
climate change.

Recent estimates on mass loss, using the geodetic method,
for the Indus River basin are —0.13 + 0.04 m.w.e. per annum
(2000-18)%, —0.126 + 0.196 m.w.e. per annum (2000-08)8,

The source code for the Python-based graphical user interface will be
made available upon request.
*For correspondence. (e-mail: p20190077@goa.bits-pilani.ac.in)
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and —4 + 2 Gt per annum (2000-16)°. The climatic factors
that most impact the mass balance of glaciers are tempera-
ture and precipitation. For the combined average of West-
ern Himalaya and Karakoram from 1991 to 2015, the total
change observed in mean temperature was (+) 0.65°C. Also,
there was an increase in rainfall and a decrease in snow-
fall?°. Future projections suggest that even if global warming
is kept to 1.5°C, warming in the Hindu Kush Himalaya
(HKH) will be slightly higher, while a 4-25% increase in
monsoon precipitation is expected in the long term®. The cli-
matic factors only partly explain the observed variability in
mass loss. In High Mountain Asia (HMA), morphological
variables explain 8-48% (depending on the region) of the
observed variation in glacier mass balance!®. The morpholo-
gical variables are the impact of slope of the glacier tongue,
mean glacier elevation, percentage of supraglacial debris
cover and avalanche contributing area. The lake-terminat-
ing glaciers have lost more mass than debris-covered and
clean glaciers, while debris-covered glaciers have lost
more mass than clean glaciers®. Recent work in the Upper
Indus shows that glaciers with southern slopes lose more
mass than those with any other orientation®. These factors
are not exhaustive but are major drivers of an observed
change in glacier mass balance for the Indus region.

Our objective was to assess the impact of temperature
and precipitation in understanding the spatial variability of
glacier mass loss in the Indus River basin using a recently
developed IAAR (improved accumulation area ratio) mass
balance model?*?2, To the best of our knowledge, this model
has not been previously applied to such a large geographical
area. Further, the model is conveniently packed into a gra-
phical user interface (GUI) allowing rapid reproducibility
and easy modifications. We also aimed to develop a new
volume area (VA) scaling equation whose scaling parameters
represent our study region accurately. The results from
this VA scaling equation must be used to interpret stored
water at the basin scale and not for an individual glacier.
The future projection for glacier mass loss uses a combina-
tion of the mass balance model and inversion of VA scaling
equation? to estimate the future changes in glacier area?2s;
therefore, the development of a region-specific VA scaling
equation is crucial. Further efforts to integrate the impact
of morphology, topography, and other climatic variables,
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high-resolution gridded climate data and results from the
global circulation model will be considered in future studies.

Study area

The Indus River basin has 28,116 glaciers spread over
26,736 + 1,337 km? geographical area (Table 1). The number
of glaciers and the glaciated area was estimated using a mixed
inventory from glacier area mapping for discharge in
Asian mountains (GAMDAM)? and Randolph glacier inven-
tory (RGI)?. The estimated elevation range of the glaciers,
using advanced spaceborne thermal emission and reflection
radiometer (ASTER)-based global digital elevation model
(GDEM) was 2250-8550 m amsl. To understand the spatio-
temporal variability of glacier mass loss in the basin we
divided the entire region into smaller sub-basins, viz. Sutlej,
Beas, Ravi, Jhelum, Chenab and Indus (Figure 1). This divi-

Table 1. Summary of glaciated area, number of glaciers and meteorologi-

cal station data used in the Indus River basin. The number of glaciers and

glacier area were estimated using a mix of RGl and GAMDAM inventory
(refer to text for further details)

Glacier area No. of Meteorological
Sub-basin (km?) glaciers station
Upper Indus 19,246 + 880 17,616 Siachen, Leh
Kabul 2138 £ 107 3087 Siachen
Jhelum 277+13.8 1011 Pahalgam
Ravi 162+8 303 Bhuntar
Beas 506 + 25 560 Bhuntar
Chenab 2824 + 141 2881 Pahalgam, Kaza
Sutlej 1583 +79 2658 Kaza, Rakcham
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Figure 1. Map showing location of Indus River basin (inset), river
network, glaciated area, sub-basins, and meteorological stations used in
the analysis. The glaciers are highlighted in two colours to differentiate
the choice of model in determining glacier volume. The entire basin has
28,116 glaciers (RGI and GAMDAM inventory) with estimated 26,736 +
1,337 km? of glaciated area.
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sion of the sub-basins will also extend the study in the
future to understand the hydrological implications of
glacier melt on the Indus water treaty?®. Figure 1 shows
the six meteorological stations spread over the Indus River
basin from which the daily temperature and precipitation
data were obtained. Table 1 shows the meteorological station
datasets used by individual river basins when estimating
their glacier mass balance. Supplementary Figure 1 shows
the meteorological station data used by individual glaciers.
The Indus region receives more precipitation during the
winter months from the western disturbance (WD)?°. Annual
precipitation substantially varies across the basin with a
magnitude as low as 150 mm in the south to more than
2000 mm in the north3®3!, The Upper Indus, Kabul and
Jhelum receive most of their winter precipitation from WD,
mostly in solid form333, Chenab and Sutlej are signifi-
cantly influenced by the Indian Summer Monsoon (ISM)
and WD?*, while Ravi and Beas are dominated by ISM%,

Research methodology

The research methodology includes details on glacier inven-
tory (Supplementary Table 1 and Figure 2), meteorological
station data (Supplementary Figure 3), glacier volume esti-
mation (Supplementary Figure 4) and glacier mass balance
(Supplementary Figure 5). The glacier inventory section
entails the rationale for the choice of mixed inventory of
RGI and GAMDAM. The glacier volume section describes
how the glacier volume, based on the laminar flow method,
was sourced from other works and the methodology they
followed. It also describes how the VA scaling equation
was developed in this study. The glacier mass balance sec-
tion briefly outlines the IAAR algorithm (ref. Supplemen-
tary Figures 3 and 4 for python tool developed based on
this algorithm), its limitations, and uncertainty calcula-
tions.

Results and discussion
Basin temperature and precipitation trends

In this study, we have used two meteorological parameters —
temperature (Figure 2) and precipitation (Figure 3) to esti-
mate snow melt and snow accumulation respectively. These
parameters were first obtained from the meteorological
stations and later extended to higher elevations using tem-
perature lapse rate (Supplementary Tables 2 and 3) and pre-
cipitation gradient (Supplementary Table 2). The spatial
distribution of these parameters was limited to an average
value for any given elevation, which is sufficient to esti-
mate basin mass balance with a high degree of confide-
nce?l222425 The available station data of 13 years were
insufficient to comment on the general trend of tempera-
ture and precipitation in the region. Therefore, exhaustive
literature covering a large timespan has been cited here®3,
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Glacier stored water

Estimates of glacier volume based on the laminar flow
method are available for 900 glaciers spread over the Indus,
Ganga and Teesta basins. To develop the VA scaling equa-
tion, we selected 802 glaciers with an area of less than
20 km? (Figure 4). Incorporating glaciers with a higher area
results in higher error as well as non-random distribution of
errors, i.e. the scaling equation consistently overestimates
volume for glaciers with greater area (Supplementary Figure
5). Our estimated total glacier stored water in the Indus River
basin was 1620 + 340 Gt. However, there was substantial
spatial variability in the distribution in the basin (Figure 5
and Table 2). Around 99% of the glaciers in the Indus
River basin store less than 1 Gt of water.

25.0
20.0

——o—— o —O_ A" ——o— —

15.0

10.0

5.0 "\_\\ f/’,,:“\ C — — ). —o<
0.0 ' - ]

-5.0

-10.0 M

-15.0

Annual mean temperature (°C)

-20.0

2000 2002 2004 2006 2008 2010 2012 2014

Year
—e—Upper Indus Rakcham —e—Bhuntar

o—Kaza Pahalgam

Figure 2.  Annual mean temperature observed at different meteorological
stations in the Indus River basin. Daily minimum and maximum temper-
atures were used to generate daily mean temperature, which was used to
calculate the annual mean temperature. The Upper Indus was estimated
by taking an average of Leh and Siachen meteorological station data.
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Figure 3. Total annual precipitation observed at different meteorological
stations in the Indus River basin. All precipitation recorded in Bhuntar
was rainfall in Leh 16% of the observed precipitation was rainfall, in
Pahalgam 11% of the observed precipitation was snowfall and for others

it was completely snowfall. The Upper Indus was estimated by taking
the average of Leh and Siachen meteorological station data.
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Frey et al." have suggested that the total glacier volume in
the Karakoram and Western Himalayas ranges from 2187
to 3531 km?® depending on the method of estimation. They
used six methods to estimate glacier volume, of which three
methods used VA scaling. The scaling parameters employed
in these equations were developed either using alpine gla-
ciers®, or theoretical relationship®, or from thickness-area
relation*® of only 15 glaciers. These scaling parameters
were not developed for the Himalayan region and therefore
differed considerably from our estimates. Consequently,
our estimated glacier stored water for the region was less
than the previously published estimates.

Glacier mass balance

The mean glacier mass balance of the Indus River basin esti-
mated from 2001 to 2013 using the IAAR mass balance
model was —0.35 + 0.13 m.w.e. per annum or —8.54 + 3 Gt
per annum. The cumulative mass loss for the entire period
of 13 years was 111 + 40 Gt. Comparison of glacier mass
loss across the sub-basins showed substantial variation in
rate (Figures 6 and 7). The equilibrium line altitude (ELA)
for the Indus River basin did not vary much (Supplementary
Figure 6) and its average value for 2001-13 was 5313 +
135 mamsl. Researchers often study the Karakoram
anomaly as well. However, the Indus River basin encom-
passes only that part of the Karakoram which falls within
its boundary. Thereby, the present estimate of —0.15+
0.14 m.w.e. per annum is higher than other published stu-
dies (Table 3).

The spatial variation of the proposed model in the obser-
ved mass loss depends on altitude, hypsometry, precipita-
tion and temperature. For any glacier to be in the state of

2.5

Volume = 0.0333 (area)'2924

Glacier volume (km?)

25

Glacier area (km?)

Figure 4. Volume-area scaling equation using glacier volume obtained
from laminar flow method. The scaling equation was applied to 27,355
glaciers in the basin to determine their volume. The scaling parameters
(eq. (3) in the Supplementary Information) estimated using 802 glaciers
were Ca = 0.0333 and y=1.2924.
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equilibrium or have zero mass balance, 66% of the glaciated
area needs to be above ELA (Supplementary material, eq.
(4)). Both temperature and precipitation will determine the
position of basin-wide ELA and hypsometry will determine
the mass balance of individual glaciers. Therefore, depending
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Figure 5. Spatial distribution of glacier stored water in the Indus River
basin.
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Figure 6. Comparison of annual glacier mass loss rate (2001-13) across
various sub-basins of the Indus River basin.

Table 2. Glacier stored water in different sub-

basins of the Indus River basin

Basin Glacier stored water (Gt)
Upper Indus 1227 + 258
Kabul 132+28
Jhelum 83+17
Chenab 159 +33
Ravi 57x1
Beas 2315
Sutlej 66 + 14

Refer to text for details on various methods used
to estimate glacier stored water.
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on the position of ELA in the basin and the glacier hyp-
sometry, a slight change in ELA from year to year can affect
the mass balance (Supplementary Figure 7).

Table 3 compares our estimates of glacier mass loss with
previously published studies for various regions. The esti-
mates for the Western Himalayas and Upper Indus region
were within the range of previously published studies. For
the sub-region Karakoram, the eastern side showed positive
mass balance while the western side showed near balanced
to negative mass balance. Based on the nature of the propo-
sed mass balance model, the difference in glacier hypsometry
substantially affected this spatial variability in mass balance
for the Karakoram (Figure 8). Groos et al.** modelled the
surface mass balance of Karakoram glaciers using an
enhanced degree-day model and found glacier mass loss at
—0.92 m.w.e. for 2011. Although, the modelled value was
relatively higher than our 2001-13 average of —0.15, the
spatial variability agreed with our result; their study showed
positive mass balance in the North and North East region
and negative mass balance in the West*!,

Further, based on ERAS5 single-level data from 2001 to
2013 (ref. 42), we found that the Western part of the Karako-
ram (13-yr average, 2001-13) had 67% more snhowfall
than the Eastern part and it was approximately (13-yr aver-
age, 2001-13) 2.9°C warmer on average than Eastern Kara-
koram (Supplementary Figures 8 and 9). This preliminary
analysis and input from ERA5S data suggest that the com-
bination of temperature, precipitation and glacier hypsometry
increases glacier mass loss for Western Karakoram com-
pared to Eastern Karakoram. Detailed analysis would require
radiation balance, heat flux and morphological variables as
input, which we plan to undertake as future work.

Conclusion

The Indus River basin is a transboundary region with multiple
stakeholders — India, Pakistan, China and Afghanistan — being
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Figure 7. Spatial distribution of glacier mass balance in Indus River
basin using IAAR glacier mass balance model from 2001 to 2013.
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Table 3. Comparison of the present study with previous published values for glacier mass balance
Reference Study region Period Mass balance (m.w.e per annum)
Present study Indus River basin 2001-13 -0.35+0.13
Present study Upper Indus 2001-13 -0.18 £0.11
Present study Western Himalaya 2001-13 -0.56 + 0.27
Present study Karakoram 2001-13 -0.15+0.14
9 Indus River basin 2000-16 -0.16 + 0.08
5 Indus River basin 2000-18 -0.13+£0.04
43 Indus River basin 1970 onwards -0.21
4 Upper Indus 2000-12 -0.29£0.29
25 Sutlej 1985-2013 —-0.44 £ 0.46
24 Spiti 1985-2013 —-0.56 + 0.46
22 Chandra 1985-2013 -0.61 £0.46
44 Chandra 2013-19 -0.59£0.12
45 Spiti Lahaul 1999-2011 -0.45+0.13
46 Suru 1994-2018 -0.69+£0.28
47 Beas 1986-2000 -0.22
48 Karakoram 1975-2010 -0.01
49 Karakoram 1973-2000 -0.09 £0.03
14 Shyok 2000-14 -0.1+£0.07
9 Karakoram 2000-16 -0.03 +£0.07
41 Karakoram 2011 -0.92
48 Himalaya 1962-2015 -0.37
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Figure 8.

dependent for their water security. India and Pakistan also
share an Indus water treaty (1960) for equitable distribu-
tion. The entire Indus region has diverse climatic, topo-
graphic and morphological conditions that affect the health
of the glaciers. In this study, we have assessed total glacier
stored water (1620 + 340 Gt) in the region using a combina-
tion of the laminar flow model and VA scaling method,
and glacier mass loss (2001-13, —0.35 + 0.13 m.w.e. per an-
num) using the IAAR model. Results show significant spa-
tial variability in stored water and mass loss, affecting the
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Glacier hypsometry for the Eastern and Western Karakoram. The glacier mass balance was assessed using Siachen meteorological data.

stakeholders differentially. Except for the Upper Indus ba-
sin, all other sub-basins show a substantial rate of glacier
mass loss, which can affect future water availability, creating
a need for relooking into some of the water-sharing prac-
tices in the basin. This is potentially because mass loss in
the Upper Indus basin is low and glacier stored water is
high, indicating longer sustainability of glacier melt water
compared to other sub-basins in the Himalayas. This can
cause new problems for water resources management in the
basin. This analysis can be further extended by integrating

CURRENT SCIENCE, VOL. 124, NO. 4, 25 FEBRUARY 2023
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regional climate models and climate reanalysis data. We aim
to project into the future, the socio-economic impacts of
glacier mass loss for all stakeholders as subsequent work.
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