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ARTICLE INFO ABSTRACT

Editor: Prof. Liviu Matenco Globally glaciers are rapidly shrinking, endangering the sustainability of melt water and altering the regional
hydrology. Understanding long-term glacier response to climate change and the influence of non-climatic at-

Keywords: tributes like morpho-topographic factors on ice loss is of high relevance. Here we estimate the multi-temporal
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mass balance of 445 glaciers in the upper Alaknanda basin and neighboring transboundary glaciers using op-
tical stereo imageries from 1973 to 2021. Our measurements indicate a mean annual area change rate of —1.14
+0.07 km? a~! and a geodetic glacier mass balance of —0.34 + 0.08 m w.e. a~ ! from 1973 to 2020, leading to an
overall mass loss of 12.9 + 1.7 Gt, that accounts for up to 0.036 + 0.006 mm of sea level rise. Before 2000
(1973-2000), the mean regional glacier mass loss rate was —0.30 + 0.07 m w.e. a’l, which increased to —0.43
+0.06 m w.e. a_* during 2000-2020. ERA5 Land reanalysis data showed a summer and annual temperature rise
of ~0.6 °C and ~ 0.5 °C respectively in recent time period (2015-2020) and consequent strong mass loss (—0.68
+ 0.09 m w.e. a}). In addition to climatic influence, glacier morphometry, topographic features and uneven
debris cover distribution further impacted the regional and glacier specific mass balance. Our multi-temporal
observation from space also emphasized that though the glaciers in this region experienced an increasing
mass loss but a strong heterogeneous glacier specific response, like surging and dynamic separation of glacier, are
also evident that was not captured by the available long-term global elevation change grids. Among all the
climatic and non-climatic attributes, we identified summer temperature having most significant influence over
glacier mass budget in this region, with a mass balance sensitivity of —0.6 m w. e. a~* "C™’. Hence, knowing the
mean summer temperature will help to predict the mass balance for any intermediate year for this region. If such
climatic trend continues, smaller glaciers are likely to disapear in coming decades. Similar studies in other parts
of the world and on specific glaciers can reveal links with climate factors, reconstruct mass balance, and enhance
comprehension of glacier response to climate change. Our geodetic mass balance estimates will improve the
estimation of meltwater run-off component of the hydrological cycle in this part of the Himalaya, which could be
used to calibrate/validate glacier mass balance models.

1. Introduction snow and glacier melt as their primary source of drinking water and
irrigation (Gornall et al., 2010; Biemans et al., 2019; Pritchard, 2019;
Approximately 800 million people in Indo-Gangetic plain depend on Immerzeel et al., 2020; Kulkarni et al., 2021). Meltwater run-off,
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draining from the large concentration of glaciers in the Himalaya-
Karakoram (HK) region, is not only important for downstream com-
munities but also represents a significant component of the hydrological
cycle (Bolch et al.,, 2012). However, mountain glaciers in the Asian
Water Tower and all over the world are highly vulnerable to ongoing
climate change (Viviroli et al., 2011; Immerzeel et al., 2020). Glaciers
here have lost mass at an accelerated rate during the last decades (Zemp
et al,, 2019; Hugonnet et al., 2021; Bhattacharya et al., 2021) and
projected increases in global temperature will exacerbate the rate of ice
loss (Kraaijenbrink et al., 2017; Bolch et al., 2019; Hock et al., 2019;
Rounce et al., 2020). Whilst glacier meltwater yield may currently be
increasing due to glacier wastage, the output of freshwater from the high
mountain cryosphere will not be sustained in the future as glacier vol-
ume reduces, bringing into question the sustainability of this vital water
resource in coming decades (Kraaijenbrink et al., 2017; Huss and Hock,
2018; Bolch et al., 2019; Rounce et al., 2020). In the Indian subconti-
nent, multiple climate projection models (Chaturvedi et al., 2012; Kul-
karni et al., 2020) indicate an increase of temperature and annual
precipitation, but decrease in snowfall, which will make glaciers in this
region susceptible to further melt. Based on the annual glacier run-off
projections by Rounce et al. (2020), peak water in the monsoon fed
Ganges basin will reach around 2030, followed by a declining glacier
run-off. This means reduced supply (32%-41%) of end of summer fresh
water for a larger than currently existing population (Kraaijenbrink
et al., 2017; Huss and Hock, 2018; Bolch et al., 2019; Rounce et al.,
2020). In addition to climatic factors such as temperature and precipi-
tation, many other non-climatic factors have been shown to influence
glacier mass balance in the HK region, including glacier hypsometry
(Mcgrath et al., 2017), ice dynamics (Clarke et al., 2015; Mukherjee
et al., 2022), debris cover fraction and thickness (Salerno et al., 2017;
Rounce et al., 2020), presence of supra- and proglacial lakes (Brun et al.,
2019; King et al., 2019), glacier accumulation regime and glacier surges
(Banerjee and Shankar, 2013; Guillet et al., 2022). Detailed, long-term
records of glacier mass changes are crucial to improve our under-
standing of regional variability of glacier response to climate change,
and better constrain the glacier mass balance models to estimate glacier
run-off at finer temporal resolutions.

The Alaknanda basin in the Garhwal Himalaya, occupying ~800 km?
glacierised area (Remya et al., 2020, 2022) is one of the important
sources of freshwater for its downstream populations. Meltwater from
these glaciers sustains the Alaknanda River. Glaciers in this region have
undergone significant area loss (Bhambri et al., 2011; Remya et al.,
2020, 2022; Mishra et al., 2022) and increase in debris cover fraction
(Mishra et al., 2022) over the last decades. The glacier area loss at basin
scale in this region is also affected by the climatic and several
non-climatic attributes (Remya et al., 2020, 2022; Mishra et al., 2022).

Despite the considerable concentration of glaciers in this region,
spatially resolved multi-temporal glacier mass balance datasets are not
available to aid our understanding of the direct impact of the ongoing
climate variability on the cryosphere in the region. Recent studies
investigated geodetic glacier mass budget since 2000 (Bandyopadhyay
et al., 2019; Bhambri et al., 2023) and reported mass loss (—0.32 + 0.05
mw.e. a~! for 2000-2014 and — 0.28 + 0.08 m w.e. a~* for 2000-2017
respectively). More detailed studies document the consistent decline in
glacier mass budgets over multi-decadal time periods along the Hima-
layan region (Bolch et al., 2011; Azam et al., 2016; Azam et al., 2018;
Mukherjee et al., 2018; King et al., 2020) and across the wider HMA
(Brun et al.,, 2017; Shean et al.,, 2020; Bhattacharya et al., 2021;
Hugonnet et al., 2021). These studies elude to consider temporal and
spatial mass loss heterogeneity which does not always clearly reflect
local climate trends, which emphasizes the need to look beyond climatic
factors to understand variability in glacier behaviour in near future.

Keeping the above points in mind, in this study we examined the
response of the glaciers in the Alaknanda Basin and its surroundings by
analyzing a variety of remotely sensed datasets. The specific aims of this
study are the following:
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Estimate multi-temporal (1973-2020) geodetic mass budget for the
glaciers of our study region.

Investigate the dominant climate drivers (temperature, precipita-
tion, snowfall) which are affecting glacier mass budget.

Calculate mass balance sensitivity using multi-temporal mass budget
and climate data.

Explore the potential impact of non-climatic factors such as, glacier
morphometry, topographic features and influence of debris cover, on
the regional glacier mass budgets.

Identify and investigate heterogeneous glacier specific response,
such as glacier surge and dynamic separation of glaciers in our study
region.

2. Study area

The Alaknanda Basin in the Garhwal Himalaya is a part of Uttarak-
hand state of India (Fig. 1) and is located between the latitude and
longitude of 30.58'-31.12'N and 79.19°-79.86°E respectively (Nainwal
et al., 2008). The Alaknanda River, one of the primary headstreams of
the Ganga River, is the main river system in this basin and also serves as
a crucial water source for millions of people living in Uttarakhand and
downstream regions. Additionally, the region has an extreme religious
significance, including some Hindu religious sites such as Badrinath,
Hemkund Sahib, Joshimath. In addition, Alaknanda River is considered
sacred by devotees who take dips in its water to cleanse themselves
spiritually. The Alaknanda River originates from the Satopanth (SPG)
and the Bhagirath Kharak (BKG) glaciers, joins the Saraswati River near
Mana Village and finally connects the Bhagirathi River, another head-
stream of the river Ganga, near Devprayag. Glaciers in this region are fed
by the Indian summer monsoon and winter westerlies (Thayyen and
Gergan, 2010; Bhambri et al., 2011). The average annual temperature
fluctuated between —7.0 °C and -4.2 °C between 1973 and 2021, ac-
cording to ERAS5 Land reanalysis data. The mean winter and summer
temperature was estimated as —13.9 °C and 3.9 °C respectively during
the observation period. Maximum snowfall was observed during
December to March (Dobhal et al., 2008). There are no meteorological
stations in the central Alaknanda Basin. Two stations Mukhim (~1981 m
a.s.]) and Joshimath (~1650 m a.s.]) are located at ~100 km south west
and ~40 km south of the BKG & SPG which are maintained by the India
Meteorological Department (IMD). The average annual precipitation
recorded in Joshimath and Mukhim station were ~1100 mm
(1959-2013) and ~1622 mm (1973-2007), respectively (Kumar et al.,
2017a, 2017b). The maximum and minimum mean air temperature was
observed during June—July (~19 °C) and January (~8.0 °C) respectively
at Mukhim Station.

Here, we expanded our study region (Fig. 1) beyond the Alaknanda
Basin and included few nearby glaciers (located on the Tibetan Plateau
and nearby the Saraswati Basin) within the same dataset that displayed
different behaviour and discuss our results based on whole study area.
We examined the behaviour of ~445 glaciers which occupied ~785.5 +
23.2 km? of glaciated area with a median elevation range between
~3700-7686 m above sea level (a.s.l), estimated using the Advanced
Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
Global Digital Elevation Model (GDEM) of 2000.

3. Dataset

We used a variety of satellite images with resolutions ranging from
0.5 m to 30 m (Supplementary Table 1) to delineate glacier boundaries
and generate DEMs from different time periods between 1973 and 2020.
We also considered published time series of glacier surface velocity es-
timates (Gardner et al., 2019; Friedl et al., 2021) and global debris
thickness maps (Rounce et al., 2021) to understand glacier response over
a similar period. Additionally, we considered Randolph Glacier In-
ventory (RGI V6.0) (Pfeffer et al., 2014) as the baseline representation of
the glacierized area.
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Fig. 1. Location of the investigated glaciers in Alaknanda Basin and its surrounding (1: Surge glacier RGI60-14-26,971; 2: Raj Bank RGI60-15-06559; 3: Bhagirath
Kharak Glacier RGI60-15.07122/BKG; 4: Satopanth Glacier RGI60-15.07122/SPG) and mean glacier surface elevation changes for 2000 to 2020 period. Overall,
debris covered and clean-ice glacier multi-temporal mass budgets (m.w.e. a~') are presented by left side pie diagrams. Glacier area distribution is represented by

upper bar diagram. Approximately, 44% of the glaciers are <0.25 km?.

3.1. Satellite images

For regional glacier analysis we used stereo imageries from the
Hexagon KH-9 Mapping Camera (7.6 m), ASTER (15 m) and HMA DEMs
(8 m) (Shean et al., 2016), developed from WorldView-1,/2/3, Quick-
bird-2 and GeoEye-1 stereo sensors. Additionally, we used very high
resolution Pléiades 1B stereo products (0.5 m), PlanetScope (~3.7 m)
and Sentinel-2 (10 m) data for glacier scale investigation. Corresponding
orthorectified images and Landsat data (30 m and 15 m) at various time
periods were used to investigate temporal changes in glacier area.
Furthermore, we used ice product (ATL06) from photon-counting Lidar
altimeter ATLAS on board Ice, Cloud, and Land Elevation Satellite-2
(ICESat-2) which was launched by NASA in September 2018, to docu-
ment changes in surface geometry of the surging glacier during the
period 2019-2023. We also used Shuttle Radar Topographic Mission
(SRTM) 3-arc sec (void) and SRTM-1 arc sec (non-void) DEMs for gen-
eration of DEMs from stereo optical data and coregistration of DEMs
respectively.

3.2. Climate data

We evaluated the influence of several climate drivers (2 m temper-
ature, total precipitation and snowfall i.e. solid precipitation) at regional
scale by using ERA5 Land (~9 km spatial resolution) reanalysis data
(Munoz-Sabater et al., 2021) to improve our understanding of the
response of glaciers to a changing climate. We primarily chose ERA5
Land over other reanalyses datasets (e.g. HAR V2) as it offers a time

series of comparable length to our geodetic observations. A total of 30
grid points (Fig. 1) were used for the whole ~3180 km? area. To validate
ERAS Land data we also examined long term (1973-2007) climate data
(temperature and precipitation) from Mukhim weather station (Fig. 1).

3.3. Non-climatic data

3.3.1. Morphometry data

Individual glaciers’ morphometry data, such as, glacier elevations,
mean slope, aspect and median elevation were derived from the ASTER
Global Digital Elevation Model (GDEM).

3.3.2. Glacier surface velocity data

We used two sets of velocity data derived from optical (ITS_LIVE) and
microwave (Sentinel-1) images. The annual median velocity field from
the Landsat family of optical data (ITS_LIVE) was estimated for
approximately 95% of glacier area across HMA from 1985 to 2018 using
the AUTO_RIFT algorithm (Gardner et al., 2019). The velocity field
derived from coarser Landsat (Landsat-5 and older) dataset has higher
uncertainties in lower ablation regions (Dehecq et al., 2019). Therefore,
we considered ITS_LIVE velocity field for the year 2000-2018. Velocity
fields derived from Sentinel-1C-band SAR dataset (Strozzi et al., 2002;
Friedl et al., 2021) after 2018 were also used to analyze individual
glacier dynamics and extend observations towards the present day.

3.3.3. Debris extent and thickness data
We used globally distributed debris thickness map developed by
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Rounce et al. (2021) which was derived via sub-debris melt inversion
method followed by a surface temperature inversion approach to esti-
mate the distributed debris thickness over the glacier’s entire debris-
covered area.

4. Methodology
4.1. Glacier mapping

The RGI V6.0 (Pfeffer et al., 2014) glacier outlines were manually
adjusted using the orthorectified images from the corresponding years.
We manually adjusted glacier extents using surface slope, curvature and
shaded relief generated from the corresponding DEMs (Bolch et al.,
2007). Subsequent adjustments were carried out for the other available
time periods by taking advantage of the corresponding ortho images and
DEMs. We classified the glaciers as clean or debris-cover according to
the globally distributed debris thickness map given by Rounce et al.
(2021).

4.2. Glacier mass balance

4.2.1. DEM generation from stereo images

We generated DEM (30 m spatial resolution) from Hexagon KH-9
Mapping Camera (MC) imagery in Leica Photogrammetry Suite (LPS)
by using a frame camera model with a focal length of 305 mm and flying
height of ~170 km (Pieczonka and Bolch, 2015; Bhattacharya et al.,
2016). Brown’s physical model (Brown, 1971) was used to compensate
for unknown lens and film distortions. The original geometry of the
Hexagon KH-9 films was reconstructed by assessing their reseau grid
(Pieczonka and Bolch, 2015, Bhattacharya et al., 2016). Interior orien-
tation (pixel co-ordinates of an image point with the corresponding
coordinates in the camera reference frame) was estimated by bi-linear
interpolation (Pieczonka et al., 2013). Additionally, a local adaptive
filter and histogram equalization was used to enhance the contrast of
image subsets before mosaicking. The external orientation (trans-
formation from the image coordinate system to ground coordinate sys-
tem) was estimated by using GCPs (~40 GCPs) with an RMS of
triangulation of < ~1 pixel, collected from terrain corrected Landsat
images as horizontal reference and the SRTM-3 arc sec (90 m) DEM as a
vertical reference, and automatically generated tie points.

AMES Stereo Pipeline (ASP, v3.1.0), developed by the National
Aeronautics and Space Administration (NASA) and later adapted and
modified by Shean et al. (2016) Was used to generate DEMs from ASTER
Level-1A (30 m spatial resolution) & Pleiades 1B imagery (4 m spatial
resolution). A void-filled SRTM-1 arc sec DEM was used for initial
orthorectification; however, SRTM-3 arc sec DEM was used for DEM
generation. A semi-global matching (SGM) correlation algorithm
(Hirschmuller, 2007) with 7 x 7-pixel window size was used as sug-
gested by Shean et al. (2020). To remove the artifacts in the disparity
images we used ASP’s default SGM disparity map filters. All valid pixels
in the disparity image were adjusted based on the Bayes EM weighted
affine adaptive window correlator (Nefian et al., 2009). A rational
polynomial coefficient (RPC) model (Grodechi and Dial, 2003) was used
in stereo triangulation for both ASTER L1A and Pleiades 1B data.
Finally, the output DEMs were generated for ASTER L1A and Pleiades 1B
respectively with WGS84 ellipsoidal datum.

For the calculation of the elevation differences of ICESat-2 data, we
used all the points from the whole period of operation (2018-2023) and
the SRTM-3 arc sec DEM as the reference surface. Using the time dif-
ference between the SRTM acquisition and each particular ICESat-2
points, we calculated the elevation difference averaged over the
period (Supplementary Fig. 5).

4.2.2. DEM coregistration
Each DEM was co-registered with the void filled SRTM-1 arc sec DEM
following the analytical approach developed by Nuth and Kaab (2011).

Global and Planetary Change 230 (2023) 104260

Further, the tilt between two DEMs was estimated by applying a 2-D first
order polynomial trend surface analysis (Pieczonka et al., 2013) relative
to the SRTM-1 arc sec DEM, which minimized the elevation dependent
biases. To eliminate small rotational effect, de-ramping was also used by
estimating a 1-D polynomial over the entire DEM difference image
(Pieczonka and Bolch, 2015).

4.2.3. Outlier removal, gap filling and mass balance derivation

For ASTER DEM differences, first, we removed all elevation differ-
ences outside 150 m from the DEM difference images. Then, for each
100 m elevation bin, we excluded all differences outside p + 30 (p and o
are the mean and standard deviation within the elevation bin) (Gardelle
et al.,, 2013). For KH9 DEM differences, we followed the technique
proposed by Pieczonka and Bolch (2015), and applied an elevation
dependent sigmoid function to remove the outliers. The detailed meth-
odology has been discussed in supplement (Supplementary Note 1).

All data gaps in the DEM difference images were filled in two steps to
get continuous elevation change grids. To maintain a consistent eleva-
tion change, small data gaps (< 5 pixels) were filled in the first step by
the mean elevation of the neighboring pixels (4 x 4 pixels windows).
The larger data gaps, predominant in the accumulation regions, were
filled by median hypsometric approach described by McNabb et al.
(2019) at 100 m elevation bins.

4.2.4. Uncertainties estimation

We estimated uncertainties associated with glacier length fluctua-
tions, glacier area changes and overall glacier mass balance. Detailed
methodology of the uncertainty estimation has been discussed in sup-
plement (Supplementary Note 2).

The glacier length change uncertainty was estimated by considering
the spatial resolution of the associated images and the coregistration
error between the images as described by Hall et al. (2003). The glacier
area change uncertainty was estimated by considering the mapping in-
accuracy during the adjustment of the glacier polygons. The overall
uncertainty for the area change was estimated by the law of error
propagation (Pieczonka and Bolch, 2015; Bhattacharya et al., 2016).

Overall glacier mass balance uncertainty was estimated by consid-
ering the uncertainty associated with (1) the surface elevation change
(Rolstad et al., 2009; Fischer et al., 2015) (2) the glacier area/volume
change (Brun et al., 2017) and (3) the volume to mass conversion by
considering conversion factor of 0.85 + 0.06 following Huss (2013). We
also considered the uncertainty resulting from the inconsistency of the
percentage of data gaps, which varies from 32.5% (1973-2006) to
16.1% (2000—2020), in elevation change images (Brun et al., 2017;
Mukherjee et al., 2022).

4.2.5. ICESat-2 data processing

We selected ICESat-2 points on the glacier further than 20 m from its
margine and <200 m above the reference DEM to filter out noisy points.
HMA DEM from 2015 was used as the elevation reference to account to
shifts between the repeated tracks following (Kropacek et al., 2014;
Shen et al., 2022). In the next step we calculated median and standard
deviation of elevation difference for each track. Only tracks with >10
points in the glacier extent were used in the further analysis. To better
understand the kinematics of the glacier during the surge, we separated
the points into elevation zones.

5. Results
5.1. Multi-temporal glacier area changes

We investigated (~445 glaciers) glacierized area of 812.5 + 23.6
km? in 1973, which decreased to 758.8 + 22.7 km? in 2020, hence the
area reduced by 53.7 + 1.4 km? over the entire observation period
(1973-2020). The mean glacier area lost during 2000-2020 was slightly
higher (1.34 + 0.07 km? a™!) as compared to previous time span (1.01
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+ 0.05 km? a~!) of 1973-2000. Only 7% of the investigated glaciers
(1973) had an area extent of >5 kmz, which constituted ~66% (535.1 +
27.8 km?) of glacierized area. Whereas, ~44% of the glaciers with an
area of <0.25 kmz, covers only ~3.0% (23.6 + 1.8 kmz) glacierized
area.

Overall, debris-covered glaciers (Rounce et al., 2021) occupied an
area of 685.6 + 13.1 km? (~84.4%) during 1973, with ~264 clean-ice
glaciers constituting the remaining ~15.6% of the overall glacier area
(126.9 +10.5 kmz). During the entire observation period (1973-2020),
debris-covered glaciers lost less glacierized area (0.07 + 0.01% a™! or
0.49 + 0.03 km? a’l) compared to their counterpart (0.5 + 0.03% a’!
or 0.65 + 0.04 km?a™1). The detailed description of the glacier area
change in different time scale are provided in Supplementary Table 2.

5.2. Multi-temporal glacier mass balance estimates
Glaciers in the study region experienced considerable downwasting

(Fig. 2) during the observation period (1973-2020) with an average
thickness loss of 18.7 + 2.52 m corresponding to a mean mass loss of
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0.34 + 0.09 m w.e. a~! (Table 1).

The rate of glacier mass loss in the region slightly decreased between
2000 and 2006 (—0.22 + 0.10 m w.e. a_ 1) compared to the previous
time span (1973-2000: —0.30 + 0.12 m w.e. a’l). However, mass loss
rates in the most recent period (2015-2020) appear to have increased
significantly (—0.68 + 0.09 m w.e. a ) compared to that of the
2006-2015, which was —0.37 + 0.14 m w.e. a !, and to the total mean
mass loss (0.40 4+ 0.09 m w.e. a’l) over the whole observation period
(1973-2020),

Overall, the debris-covered glaciers lost slightly more ice (—0.37 +
0.10 m w.e. a~) as compared to clean-ice glaciers (—0.28 + 0.10 m w.e.
a~1) during the entire observation period (1973-2020). Both clean-ice
(—0.54 4+ 0.12 m w.e. a_ 1) and debris-covered (—0.76 + 0.11 m w.e.
a™1) glaciers experienced an accelerated mass loss in the most recent
time period (2015-2020), but the rate of acceleration was different
(debris covered: 51% and clean ice: 43%) as compared to the previous
time period (2006-2015). Although the debris-covered glaciers exhibi-
ted only slightly higher mass loss in our study area, but the glacier parts
covered with debris (Rounce et al., 2021) showed significantly exacer-
bated surface lowering (—0.62 + 0.14 m a~ ! during 1973-2000 and —

79.75°E
e Mean: 002
St. Dev: 0.01

79.50° E

- l-:l:! -2 -lDl')’ 1 2(3 k|
Elevation Difference (m)
S AL s

31.00°N

30,75°N
NoSL'0E

ﬁ“"

79.75°E

T NG00TE

30.75°N

el

79.50"E 79.75°E

EN<-1.0 @¥-1.00 -- -0.50 [1-0.50 -- -0.25 [J-0.25 -- 0.25 [J0.25 -- 0.50 E90.50 -- 1.00 Il >1.0

Fig. 2. Multi-temporal glacier mass budget of the study region for the periods of (A) 1973-2000; (B) 2000-2006; (C) 2006-2015 and (D) 2015-2020. The color
coding represents mean mass balance. The off-glacier statistics are also shown (inset). The background image is Google Satellite Image’ available in QGIS Quick Map

Services plugin.



A. Bhattacharya et al. Global and Planetary Change 230 (2023) 104260
Table 1
Elevation changes and geodetic mass balance estimates of glaciers across the study region and the Alaknanda Basin in different time periods (Bold represents overall
study period).
Time Overall study area
periods - K K K K ,
Valid data Overall glaciers (445) Debris-covered glaciers (181) Clean-ice glaciers (264)
%
) Elevation change Mass balance (m.w.e. Elevation change Mass balance (m.w.e. Elevation change Mass balance (m.w.e.
(m) a ) (m) a ) (m) a ™l
1973-2000 68.2 —9.45 + 2.24 —0.30 £ 0.12 —10.3 £ 2.95 —0.32 +£ 0.14 —7.83 +£2.95 —0.25 + 0.14
2000-2006 71.4 —1.56 + 0.72 —0.22 + 0.10 —1.62 + 0.84 —-0.23 £ 0.11 —1.20 + 0.88 —-0.17 £ 0.11
2006-2015 75.6 —3.95+0.88 —0.37 £ 0.14 —3.96 + 0.91 —0.37 £ 0.14 —3.24 + 0.97 —0.31 £ 0.15
2015-2020 76.5 —4.00 + 0.59 —0.68 + 0.09 —4.45 +£ 0.75 —0.76 + 0.11 —3.20 +£ 0.85 —0.54 + 0.12
2000-2020 83.9 —-10.2 +1.53 —0.43 + 0.06 —-10.4 +1.92 —0.44 + 0.09 —8.96 + 1.92 —0.38 £ 0.10
1973-2006 67.5 —11.1 £ 1.51 —0.29 + 0.07 —-12.1 £ 1.85 —0.31 + 0.09 —9.11 + 1.76 —0.23 + 0.10
1973-2015 69.3 —-15.5+1.75 —0.31 + 0.06 —16.5 + 2.55 —0.33 +£ 0.09 —11.0 £ 2.35 —0.22 + 0.09
2000-2015 79.1 —5.72+£ 0.78 —0.32 +£ 0.08 —5.98 + 1.08 —0.34 +£ 0.10 —5.24 +1.18 —0.30 +£ 0.10
2006-2020 72.4 —8.28 + 0.68 —0.50 + 0.07 —8.78 + 0.98 —0.53 + 0.09 —6.82 + 0.88 —0.41 + 0.09
1973-2020 69.3 —18.7 + 2.52 —0.34 + 0.09 —20.3 + 3.14 —0.37 + 0.10 —15.5 + 3.17 —0.28 + 0.10
Time Alaknanda Basin
periods - - - - - -
Valid data Overall glaciers (246) Debris-covered glaciers (132) Clean-ice glaciers (114)
%
%) Elevation change Mass balance (m.w.e. Elevation change Mass balance (m.w.e. Elevation change Mass balance (m.w.e.
(m) ah (m) ah (m) a™h)
1973-2000 68.7 —11.3 + 2.98 —0.36 + 0.09 —-11.9 + 3.13 —0.37 £ 0.10 —7.29 + 2.93 —0.23 + 0.09
2000-2006 76.1 —1.56 + 0.85 —0.22 +0.11 —1.66 + 0.78 —0.24 + 0.13 —1.36 + 0.69 —0.19 + 0.12
2006-2015 77.6 —4.59 + 1.02 —0.43 £ 0.13 —5.22 +£ 0.85 —0.49 +£ 0.15 —3.87 £ 0.81 —0.37 £ 0.14
2015-2020 81.8 —4.75 + 1.08 —0.81 +0.14 —4.65 + 0.81 —0.79 £ 0.14 —4.10 + 0.78 —0.70 £ 0.13
2000-2020 87.8 —10.2 + 2.43 —0.43 + 0.10 —10.2 + 2.91 —0.43 + 0.12 —9.31 + 2.32 —0.35 + 0.10
1973-2006 69.7 —-12.2+2.10 —0.31 £ 0.12 —-13.1 +£2.15 —0.34 + 0.14 —7.98 + 1.59 —0.21 £ 0.12
1973-2015 70.1 —16.6 + 2.48 —0.34 £ 0.12 —16.6 + 4.65 —0.34 +£ 0.10 —11.4 + 4.25 —0.23 + 0.09
2000-2015 80.2 —5.75 + 1.05 —0.33 £ 0.10 —6.15 + 1.65 —0.35 + 0.10 —4.98 + 1.51 —0.28 + 0.11
2006-2020 74.6 —-10.2 £ 1.95 —0.62 + 0.08 —11.0 +1.88 —0.67 + 0.12 —8.43 +1.78 —0.51 £ 0.11
1973-2020 71.4 —21.9 + 4.95 —0.40 + 0.09 —22.1 +5.12 —0.40 + 0.09 —16.9 + 4.92 —0.31 + 0.09
0.0 4
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Fig. 3. Multi-temporal glacier mass balance of the Bhagirath Kharak (BKG), Satopanth (SPG), Surge-type (RGI60-14.26971) and Raj Bank (RGI60-15.06559)

glaciers (Fig. 1).



A. Bhattacharya et al.

0954+ 0.13ma during 2000-2020).

In addition to the region wise results, multi-temporal mass balance of
four individual glaciers (Fig. 3) with variable debris cover, with per-
centages ranging from 58.6% to 3.0% (Rounce et al., 2021), were
investigated more closely. The behaviour of two of the region’s largest
glaciers (Fig. 1), the Bhagirath Kharak (BKG, Glacier 3) and the Sato-
panth (SPG, Glacier 4) from where the Alaknanda River originates,
followed the regional trend in glacier mass change. The mass loss of SPG
(58.6% debris cover) and BKG (37.5% debris cover) were estimated as
—0.31 + 0.14 m w.e. a %, and — 0.40 + 0.14 m w.e. a! respectively
during 1973-2000, which increased to —0.44 + 0.10 m w.e. a~!, and —
0.54 + 0.10 m w.e. a ! respectively during 2000-2020. Another
comparatively less debris-covered (3.0% of its total surface) glacier
(Glacier —1 in Fig. 1; RGI60-14.26971), flowing towards the Tibetan
plateau, exhibited contrasting behaviour in its mass budget. The glacier
was nearly balanced between 1973 and 2000 (—0.09 + 0.14 m w.e. a’l)
but it began losing mass after 2000 (—0.14 + 0.11 m w.e. a_* during
2000-2006) and reached its maximum (—0.71 4+ 0.12 m w.e. a’l)
during the most recent time period (2015-2020) with an average mass
loss of —0.31 + 0.10 m w.e. a~! between 2000 and 2020. Moreover, the
Raj Bank Glacier (Glacier 2 in Fig. 1, RGI60-15.06559), located in the
south eastern part of our study area, revealed a different pattern of
multi-temporal mass budget, though exhibiting similar trend in glacier
mass budget considering just two periods, one before and another after
2000 (—0.22 4+ 0.14 m w.e. a_! between 1973 and 2000 and 0.35 +
0.10 m w.e. a~! between 2000 and 2020).

In addition to the four periods (1973-2000, 2000-2006, 2006-2015,
2015-2020) mentioned above, we also calculated the mass balance
using all possible combinations of the DEMs generated in this study. This
leads to ten different mass balance measurements (Table 1).

5.3. Meteorological conditions and climate variability of the study area

5.3.1. ERA5 land summer and annual temperature

We observed maximum summer temperature (July-Aug-Sept) of
~5.3 °C in 2020, which was ~1.4 °C above the overall (1973-2020)
average summer temperature (~3.9 °C) from ERA5 Land reanalysis
data, In the last mass balance period (2015-2020), the summer tem-
perature (~4.3 °C) was substantially higher (~0.5 °C) than during the
first mass balance period (1973-2000) (~3.8 °C), leading to a positive
summer temperature anomaly (difference from mean summer temper-
ature of the whole period) during 2015-2020 (Fig. 4A). Moreover,
during 2000-2006, when we measured low mass loss, average summer
temperature slightly decreased (by ~0.1 °C) compared to the preceding
time period (1973-2000). Additionally, annual mean temperature
(—5.1 °C) also increased by ~0.6 °C during 2015-2020 as compared to
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the previous time period of 1973-2000 (—5.7 °C).

5.3.2. ERA5-Land solid and liquid precipitation

Maximum solid precipitation (snow fall ~1564 mm) occurred in
1975, ~49% more than the average (~1047 mm) for the entire period
(1973-2020). However in 2020, the yearly average snowfall decreased
by ~113 mm compared to the mean overall (1973-2020) snowfall. The
winter precipitation (Dec-Jan-Feb-March) also demonstrated a declining
trend throughout the course of the observation period. Winter precipi-
tation dropped after 2000 (2000-2020) by ~120 mm (~11.6%)
compared to 1973-2000, moreover, a significant decline was observed
(~149 mm or ~ 14.4%) in the most recent observation period
(2015-2020). Similar to winter precipitation, annual precipitation also
exhibited a declining trend throughout the observation period over the
study area. When compared to the period prior to 2000, annual pre-
cipitation reduced by ~10.6% between 2000 and 2020.

5.3.3. Weather station-based temperature and precipitation

We also investigated the temperature and precipitation data of the
Mukhim weather station (Fig. 4A & 4B). The summer temperature of
Mukhim station increased by ~0.8 °C between 2000 and 2007 when
compared to the period before 2000 (1973-2000). A significant increase
of annual maximum temperature (~1.0 °C) during 2000-2007 was
observed, however, annual minimum temperature slightly decreased
(~0.2 °C) during the same period. An increase of ~300 mm (~16%)
annual precipitation was observed after 2000 (2000-2007) when
compared to the earlier time period (1973-2000). However, a minor
decrease (~2%) in winter precipitation was observed during
2000-2007.

5.3.4. Comparison of ERA5 Land and weather station data

Though both the datasets (ERA5 Land grided and station data)
showed similar trend during our observation period, direct comparison
of station data with reanalysis data is biased because it is only a point
measurement and the station is situated at a much lower elevation
(~1981 m a.s.l) as compared to the mean elevation (~5478 m) of the
study area. Therefore, we compared ERA5 reanalysis data of the grids
containing the Mukhim weather station (Supplementary Table 3).
Summer, winter and annual temperature exhibited a higher correlation
which varies from r = 0.52 and p = 0.001 (summer temperature) to r =
0.65 and p = 0.0002 (winter temperature). Although annual precipita-
tion (r = 0.22, p = 0.18) did not show any significant correlation, but
winter precipitation showed a significant correlation (r = 0.61, p =
0.0001) between the datasets (Supplementary Table 3). Based on sig-
nificant correlation of ERA5 Land with station data, we consider ERA5
Land data to be a good representation of the climate over glaciated

ERA 5 LAND REANALYSIS CLIMATE DATA & MUKHIM WEATHER STATION (LATITUDE: 30.58° N; LONGITUDE: 78.48° E) DATA
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regions.

5.4. Variations of non-climatic attributes of the study area

We estimated different individual glacier specific attributes such as
glacier morphometry (slope, aspect, median elevation and glacier area),
glacier dynamics and debris thickness in our study region.

5.4.1. Glacier median elevation

It has been observed that the balanced-budget equilibrium-line
altitude (ELA) significantly correlated with median elevation
(Braithwaite, 2009), and therefore, median glacier elevation can act as a
proxy of ELA (Braithwaite and Raper, 2009). On the other hand, ELA
and glacier mass balance are strongly correlated (Braithwaite, 2009).
We found that the minimum and maximum elevation of the investigated
glaciers in our study region were 3750 m and 7454 m respectively, with
a median elevation ranging from 4324 m to 6874 m. Median elevation of
only 20% (n = 88) of the glaciers in our sample were above the average
median elevation (5300 m) of the study area.

5.4.2. Glacier aspect

Out of the 445 glaciers, we found that 207 glaciers are flowing in an
approximately northerly direction (NW, N, & NE), whereas only 36 and
55 glaciers, respectively, are flowing towards the west and east and
remaining 147 glaciers are flowing in southern (SE, S and SW) direction.
We also estimated that the northern aspect (~47%) glaciers constituted
~48% glacier area, whereas, ~33% of glaciers were flowing towards the
south (SE, S & SW) of the study region and occupied only ~18% of the
overall glacier area (Supplementary Fig. 1).

5.4.3. Glacier slope

Another important factor that has a substantial impact on the glacier-
specific mass budget is glacier slope. Knowing the average slope of the
glaciers is important as a steeper overall slope indicates a higher ice
dynamic, which plays a significant role to control glacier flow and in
turn glacier mass turnover. We found the mean slope of all investigated
glaciers was 25.4” with minimum and maximum slope varied from 5.0’
to 53.1° respectively. Additionally, we also found that the majority of
the glacier area (719.1 km? or 91.5%) has a slope lower than the average
slope of all the glaciers (25.4°) and remaining 66.5 km? glacier area has a
slope higher than the average slope of the glaciers in the study region.

5.4.4. Glacier dynamics
We observed a constant decrease of annual surface velocity across
the entire study region irrespective of their surface characteristics

Global and Planetary Change 230 (2023) 104260

(Fig. 5). The mean annual velocity for all the glaciers decreased from 5.9
+ 2.1 ma~! in 2000 to 3.6 + 1.9 ma~! (21.5 + 6.3% dec™!) in 2018.
Glacier surface velocity of the debris covered and clean ice region were
also reduced by 22.8 + 3.1% dec ™! and 21.1 =+ 5.1% dec™! respectively
during the same time period. The average velocity of the clean ice gla-
ciers (5.1 + 1.8 m a~!) were slightly higher than the mean velocity of the
region (4.9 + 1.9 m afl), whereas, debris cover (4.5 +£ 2.0 m ah
showed less velocity than the mean during 2000-2018, though the dif-
ferences are not statistically significant. However, Fig. 5B clearly in-
dicates that on an average, debris covered glaciers are slower than clean
ice glaciers.

5.4.5. Debris thickness

According to the globally distributed debris thickness map (Rounce
et al., 2021) of all investigated glaciers, about 41% of glaciers were
found to be covered with debris, with the amount of debris varying from
0.76% (RGI15.0713) to 67% (RGI14.27012) of the glacier area. The
absolute debris covered area varied from 0.02 km? (RGI15.07122) to
22.5 km? (RGI15.07303). The glacier wise average debris thickness
varied from ~0.009 m to ~2.15 m with an average of ~0.29 m (Rounce
et al., 2021) during 2000 in the study region.

6. Discussion

6.1. Comparison of glacier area and mass change variability with other
published studies

Despite the fact that the Indian Himalayan region’s glaciers have
been extensively studied over the past few decades, the majority of these
studies have been either limited in time scale, focusing on only one or
two time periods (Bhambri et al., 2011; Bandyopadhyay et al., 2019;
Remya et al., 2020, 2022; Mishra et al., 2022; Bhambri et al., 2023), or
in their spatial extent, focusing on a small number of glaciers (Gautam
and Mukherjee, 1992, Dobhal et al., 2008, 2013; Bhattacharya et al.,
2016; Kumar et al., 2017a, 2017b; Shah et al., 2019 etc.). Our results
offer a regional, long-term perspective on glacier change, which are
derived from nearly five decades of remotely sensed data.

A recent study (Mishra et al., 2022) reported that the total glaci-
erized area (~175 glaciers) in the upper Alaknanda Basin reduced by
between 0.13 + 0.1% a ! (1994-2000) to 0.15 + 0.3% a!
(2000-2020). Our estimated results for a slightly larger population of
glaciers (~246 glaciers) in the Alaknanda Basin also demonstrated
similar area reduction rate of 0.12 + 0.1% a~ ! (1973-2000) to 0.16 +
0.1% a ! (2000-2020) with an average of 0.13 + 0.1% a !
(1973-2020). While Bhambri et al. (2011) reported a 0.48 + 0.2 km?
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Fig. 5. (A) Average annual ITS_LIVE derived velocity field from 2000 to 2018 of the study area and (B) average velocity of all the investigated glaciers, clean ice
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a~! reduction of the glacierized area in the Saraswati/Alaknanda basin
(~83 glaciers) from 1968 to 2006, we found higher overall recession
rate (1.09 + 0.2 km? a™ ') for ~445 glaciers between 1973 and 2006,
likely as a result of the different glacier populations and time periods
taken into account.

We also found that the overall estimated glacier mass balance of this
study is generally consistent with other global (Brun et al., 2017;
Hugonnet et al., 2021) and regional studies (Bandyopadhyay et al.,
2019; Remya et al., 2020, 2022), despite the use of various datasets and
methodologies. Our mass loss estimate (—0.32 + 0.08 m w.e. a h
during 2000-2015 was slightly lower as compared to Brun et al. (2017)
(-0.35 & 0.10 m w.e. a~! from 2000 to 2016), however within the
uncertainty limit. Additionally, our mass balance estimate between
2000 and 2020 (—0.43 + 0.06 m w.e. a~!) was slightly lower when
compared with another global mass balance study (Fig. 6; Hugonnet
et al., 2021) during the same time span (—0.37 + 0.06 m w.e. a’l). Our
results over the 2000-2015 period (—0.33 + 0.09 m w.e. a D arealso in
line with those of Bandyopadhyay et al. (2019) (2000-2014; —0.32 +
0.05 m w.e. a~!). Our estimates of glacier mass loss for entire study
region during 2000-2020 are greater (—0.43 + 0.06 m w.e. a!) than
those of Remya et al., (2020, 2022) (—0.28 + 0.08 m w.e. a during
2000-2017. Differences between our results and those of Remya et al.,
(2020, 2022) may be due to their small number of investigated glaciers
(61), or the complex penetration bias of the SRTM DEM, which may
result in an underestimation of glacial surface elevation change rates by
up to 20% (Vijay and Braun, 2016; Mukherjee et al., 2018).

A few studies estimated glacier scale mass balance along the Garhwal
Himalayan region using different techniques, datasets and time scales
(Supplementary Table 4). Glaciological mass balance was estimated for
the four glaciers, Dokriani (7 kmz), Chorabari (6.7 kmz), Tipra Bank (7
km?) and Dunagiri (2.6 kmz), in the Garhwal Himalaya at different time
periods. All four glaciers are losing mass continuously. However, the
mass loss rate is heterogeneous in temporal scale. Among those, Tipra
Bank Glacier experienced much less ice mass loss (—0.14 m w.e. ah
during 1981-1988 and small Dunagiri Glacier showed considerably
more mass loss (—1.04 m w.e. a~ 1) during 1984-1990. Such excessive
mass loss is probably due to the presence of steep headwall which might
cause frequent ice loss through avalanches (Azam et al., 2018). More-
over, rapid glacier wasting suggests the strong vulnerability of small
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glaciers compared to their larger counterparts (Paul et al., 2004). The
geodetic estimates of the Gangotri Glacier (~ 30 km), in the vicinity of
our study region, also showed considerable mass loss (—0.29 + 0.12 m
w.e. a_! by Bhattacharya et al., 2016) in recent period (2006-2014).
Mass loss using Synthetic Aperture Radar (SAR) based DEMs showed
even a more negative mass budget (—0.55 + 0.42 m w.e. a’* by Bhushan
et al.,, 2018 and — 0.55 + 0.03 m w.e. a_* by Bandyopadhyay et al.,
2019) for this glacier after 2000. A possible explanation for the de-
viations could be the influence of different data sources, especially
complicated penetration biases of the SAR-based DEMs. Similar strong
mass loss in recent time was also reported for Bhagirath Kharak and
Satopanth glaciers by Brun et al. (2017), Hugonnet et al. (2021) and
Remya et al. (2022), which was also comparable with our estimate
during 2000-2020 (Supplementary Table 4).

The multi-temporal global glacier elevation change grid produced by
Hugonnet et al., 2021 is in tendency in line with our regional estimate,
but we found differences in short-term heterogeneous variations, such as
glacier surge and dynamic separation of glaciers. For instance, during
2000-2020 we found comparable mass balance of —0.31 + 0.10 m w.e.
a~! with Hugonnet et al. (2021) (—0.25 + 0.05 m w.e. a~ 1 for the
Glacier 1 (in Fig. 1; RGI60-14.26971), however, our mass balance
during 2015-2020 showed that the glacier lost significant ice (—0.71 +
0.12m w.e. a_1) due to the massive surge event, which was significantly
different (—0.10 + 0.05 m w.e. a’l) from Hugonnet et al. (2021). This
exemplifies that the statistical averaging of all available elevation
change grids during the entire time span (2015-2020) may obscure the
rapid thinning in higher elevation over a short time span. Additionally,
temporal adjustment of the original RGI glacier polygons is also
important for accurate mass balance calculations, which was omitted in
this global mass balance datasets.

The above results in general agree that glaciers in the region are
continuously losing their mass and collectively show that mass loss
accelerated in recent decades. In addition, we also observed that though
debris-covered glaciers lost less area compared to the clean-ice glaciers,
they are losing a greater mass of ice compared to clean ice-glaciers. A
combination of multi-temporal mapping and mass budget calculations
are essential to provide the best estimates of glacier wastage with time.
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6.2. Glacier response to climate change

Glaciers in Garhwal Himalayan region are mainly influenced by the
summer monsoon and winter snowfall (Thayyen and Gergan, 2010).
During the observation period (1973-2020), ERA5-Land data showed
that though the majority of average snowfall (~55.9% or 586 mm)
occurred in winter (DJFM), ~22.3% (~234 mm) occurred in Spring
(AMJ) and ~ 14.4% (~150 mm) in summer (JAS). Our analyses of
meteorological station data and ERAS5 Land climate reanalyses data
suggest substantial changes in meteorological conditions in and around
the Alaknanda basin which are closely linked to regional glacier mass
balance. Several studies reported a significant increase in annual tem-
perature (~0.1 °C to ~1 °C during 1866-2010) and corresponding
decrease in annual precipitation in the broader Himalayan region
(Basistha et al., 2009; Bhutiyani et al., 2010; Shrestha and Aryal, 2011;
Singh et al., 2013). However, decadal scale variability using Climate
Research Unit (CRU) data (Mishra et al., 2022) highlighted a consider-
able increase in annual precipitation after 2000.

We also analyzed temperature and precipitation and their anomalies
(Fig. 7) derived from ERAS5 Land reanalysis data over the same periods
covered by geodetic mass balance estimates and observed a gradual
increase in summer (0.6 °C) and annual (0.3 °C) temperature after 2000.
However, solid and annual precipitation didn’t show any significant
trend during the entire observation period.

6.2.1. Analysis of climate drivers governing mass balance

We analyzed four climatic drivers: mean summer temperature, mean
winter precipitation, mean annual temperature and mean annual
snowfall (Fig. 8) across the ten mass balance periods (Table 1) to identify
the most important climatic factors and their influence on glacier mass
balance. We observe that summer temperature has the most significant
control (r = —0.97, p = 0), followed by annual temperature (r = —0.91,
p = 0.002), and winter precipitation (r = 0.64, p = 0.04). Annual
snowfall does not have any significant correlation and does not play a
noteworthy role to control the mass balance. Winter precipitation (r =
—0.64, p = 0.04) and annual temperature (r = 0.85, p = 0.002) are
highly correlated with summer temperature. The significant correlation
of summer temperature with winter precipitation may be a result of
increased water holding capacity of the warmer atmosphere according
to Clausius-Clapeyron relation (Lenderink and van Meijgaard, 2008)
resulting in increased precipitation. Considering these facts, we identify
summer temperature as the most important factor controlling the mass
balance in this region. Moreover, the relationship (Eq. Fig. 8A) indicates
that the temperature sensitivity of the glaciers in this region is —0.6 m w.
e.a ! °C7! and can be used as a metric to predict the mass balance for
any intermediate year for this region. The model can also be used to
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forecast the mass balance for any future year, knowing the mean sum-
mer temperature. However, this model is built using the ERA5 Land
climate data that is based on numerical weather prediction models and
has its own uncertainties. In addition, if this model is implemented to
predict mass balance using temperature values from other climate pro-
jection datasets, the bias between the two datasets must be investigated
and eliminated.

6.2.2. Seasonal trends in temperature and precipitation

To investigate the impact of warming on the seasonal regime of
ablation and accumulation, we examined the distribution of changes in
temperature and precipitation in the study region (Fig. 9). ERA5 Land
reanalysis data suggests an overall increase of Autumn (Oct-Nov)
(~0.96 °C) and winter (Dec-March) (~0.52 °C) temperature in the most
recent period (2015-2020) as compared to the first period (1973-2000).
Similar temperature increase phenomenon (~0.41 °C) is also evident in
between Summer-Autumn transition time (Sept-Oct) in the most recent
period (2015-2020) as compared to the first period (1973-2000).
Additionally, average summer (July-Sept) temperature also increased
(~0.5 °C) in latest period (2015-2020).

The overall increase of autumn and summer temperature in the most
recent period might have prolonged summer ablation in this region.
Moreover, the annual and winter solid precipitation decreased by
~13.1% & ~9.8% respectively in recent period (2015-2020) compared
to first mass balance period (1973-2000). Solid precipitation in spring
season (Apr-June) also reduced by ~28.6% in 2015-2020 as compared
to 1973-2000 which indicates a decreased accumulation in this region,
which reduces the overall glacier volume and hence the ice velocity and
mass turnover from higher to lower elevations.

6.2.3. Validation of ERA5 Land data with weather station data

To analyze the trend over the observation period between different
climatic drivers we performed Mann-Kendall trend test, for both rean-
alysis and Mukhim station data (Supplementary Table 5) and found a
general agreement between the reanalysis and weather station data.
Significantly increasing trends for summer (Z = 2.04 and p = 0.007) and
annual (Z = 2.54 and p = 0.005) temperatures were observed, while
solid precipitation (Z = —1.50) decreased but not significantly (p =
0.07) throughout the observation period. Similar increasing trend of
minimum annual temperature (ATy;,) was also observed for reanalysis
and station data which was also reported by other studies in western
Himalayan region (Shekhar et al., 2010; Bhambri et al., 2011). Simi-
larly, maximum and minimum summer temperature (STyax & STyin) for
both the datasets (ERA5 Land and station data) showed an increasing
trend (Supplementary Table 5) throughout the observation period which
was also evident in Bhambri et al. (2011). However, none of the
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Fig. 7. Variations of different meteorological variables (A) summer temperature and solid precipitation anomaly, (B) summer temperature and annual precipitation
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precipitation components showed any significant trend during the
observation period. Bhattacharya et al. (2021) stated that summer
temperature was the most influencing factor to govern glacier mass
balance in the recent decades in different climatic regions of High
Mountain Asia (HMA), which is also evident from this analysis.

6.3. Implication of non-climatic attributes on glacier response

Glacier specific mass budget ranges from —1.2 m w.e. a ! to +0.3m
w.e. a~! throughout the full observation period. The heterogeneous
glacier specific mass budget is often controlled by the individual gla-
cier’s attributes, such as, glacier morphometry, glacier ice dynamics and
debris cover thickness and extent etc. (Vincent, 2002; Abermann et al.,
2011; Huss, 2012; Davaze et al., 2020). Therefore, we investigated the
effect of these factors on mass balance of the glaciers in our study region
(Fig. 10, Fig. 11 & Supplementary Fig. 2 & 3).

6.3.1. Glecier morphometry

Numerous studies (Paul and Haeberli, 2008; Shukla and Qadir, 2016;
Salerno et al., 2017; Brun et al., 2019; Bhattacharya et al., 2021) have
suggested that various morphometric factors, such as topographic
characteristics (i.e., glacier size, elevation, surface slope and aspect)
(Berthier et al., 2007; Phan et al., 2014; Racoviteanu et al., 2014, 2015),
ice surface dynamics (Bolch et al., 2011; Gardelle et al., 2013) debris
cover (Scherler et al., 2011; Lejeune et al., 2013), and the presence of
pro- and supraglacial lakes (Ragettli et al., 2016; King et al., 2019;
Bhambri et al., 2023) influenced glacier mass balances on HMA region.
However, regional variability of these factors are also evident. Overall,
the regional-scale behaviour of glacier mass changes is influenced by
multiple morphometric factors and is not still fully understood in our
study region as multi-temporal observations are limited. Here we
investigate different factors, such as elevation, slope, and aspect of the
glaciers on glacier mass balance variability.

6.3.1.1. Glacier elevation and glacier area. The glacier elevation and
hypsometry (distribution of glacier area at different elevations) are
important factors controlling the mass balance. Elevation affects the
primary climatic drivers, such as temperature and precipitation, which
regulate the glaciers’ mass balance. Similarly, glaciers with larger area
coverage at higher elevations are likely to receive more accumulation,
while glaciers with extensive coverage at lower elevations may experi-
ence higher ablation rates. Additionally, at various elevations, the
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seasons could also vary. For example, at the end of summer, snowfall
may occur in the glaciers’ upper accumulation regions, while melt
continues close to the terminal (Cuffey and Paterson, 2010). Therefore,
to understand the area distribution of the glaciers with elevation, we
computed glacier mass balance of all investigated glaciers in this region
and their dependency with glacier area and median elevation (Fig. 10,
Fig. 11A & 11B). We observed (Fig. 10) that the glaciers in the study
region lost ~0.75 m a~! (46% more than average downwasting of ~0.51
m a’l) ice during 2000-2020 within the median elevation of
4400-5600 m. Moreover, only ~14% glacier area contributed an
average downwasting of ~0.80 m a~!, ~57% higher than the average
downwasting rate, in the lowest 500 m elevation range (4400-4900 m).
A similar trend of average ice loss was also evident for debris cover
(~0.74 m a_l) and clean ice glaciers (~0.52 m a_l) during the same
time period (2000-2020) in lower median elevation range (4400-5600
m). However, the downwasting rate was more severe over debris
covered glaciers (45% more than average downwasting) as compared to
clean ice glacier (22% more than average downwasting). Further, we
analyzed the correlation between glacier mass balance of all investi-
gated glaciers and glacier median elevation (Fig. 11A, Supplementary
Fig. 2A & 3A). The regional glacier mass budget showed significant
correlation (r = 0.15 and p = 0.03) with median elevation and we also
observed similar correlation by both clean ice (r = 0.11 and p = 0.04)
and debris cover glaciers (r = 0.21 and p = 0.01). The positive corre-
lation between mass balance with median glacier altitude emphasizes
that high-altitude glaciers are less affected by regional mass loss prob-
ably due to the increased precipitation with relatively low temperature
at higher altitudes, also reported by Zhao et al. (2016) in other part of
HMA, which favors enhanced accumulation compared to low-altitude
glaciers.

Similar to the studies conducted on Swiss-Alps (Paul and Haeberli,
2008; Huss, 2012), we also did not find any significant statistical cor-
relation (Fig. 11B, Supplementary Fig. 2B & 3B) between the glacier
mass budget with glacier area (r = 0.09 and p = 0.20), however, it was
evident that larger glaciers (>5 km?) have lost slightly more ice, with an
average of ~0.54 m a~ !, as compared to smaller glaciers (~0.42 m a~!
< 0.25 km?). The average ice thickness of the smaller glaciers in this
region during 2000 (Farinotti et al., 2019) was estimated as 16.3 + 5.8
m which was much less than the average ice thickness of bigger glaciers
(97.9 £ 28.8 m). Our mass balance estimates indicate an average
thickness loss of 18.7 + 2.52 m between 1973 and 2020. Therefore, it
can be anticipated that by the time the next geodetic measurements are

Glacier Elevation Change & Contributing Glacier Area vs Elevation
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Fig. 10. Temporal variation of glacier surface downwasting and corresponding glacier area contribution with median elevation distribution of the entire study area.
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Fig. 11. Geodetic mass balance for all the investigated glaciers as a foundation of four morphological parameters (A) median elevation (B) glacier surface area (C)
glacier aspect and (D) glacier slope. Correlation-coefficient (r) and their significance (p-value) are also provided for each of the variables.

made, many of the small glaciers’ beds might have already been
exposed, so that no ice remained to be melted, resulting in less thickness
change and further mass loss (Hoelzle et al., 2003; Paul and Haeberli,
2008).

6.3.1.2. Glacier aspect. The orientation of the glacier surface de-
termines the amount of solar radiation it receives. In general, mean daily
temperatures and accumulated temperatures in spring and early sum-
mer are higher on south facing slopes, leading to a more enhanced
melting and ablation, whereas north facing slopes receive less sunlight
and preserve more snow and ice (Cuffey and Paterson, 2010). We didn’t
observe any significant statistical correlation (Fig. 11C, Supplementary
Fig. 2C & 3C) between glacier mass balance with their aspect (r = 0.05
and p = 0.3). This could be the result of taking the glaciers’ mean aspect
into account rather than their terminal aspect, where ablation primarily
takes place. However, we found that the northern aspect glaciers lost
slightly more (—0.42 m w.e. a 1) as compared to the south oriented
glaciers (—0.36 m w.e. a ) during 2000-2020. Thus, it can be stated
that mean aspect does not play a major role in controlling glacier mass
budget.

6.3.1.3. Glacier slope. The slope of a glacier also affects its mass balance
by influencing the amount of solar radiation received on different parts
of the glacier. Radiation intensity varies with slope and differences due
to aspect are more pronounced on steeper slopes. However, in valleys,
due to the effect of shading, the relationships are often more complex
and may control the melt patterns in a different way (Hock, 1999; Saydi
and Ding, 2020). Slope also affects the flow dynamics of the glaciers
with steeper slopes increasing the glacier flow. This, in turn, impact the
redistribution of ice and affect mass balance.

We observed (Fig. 11D & Supplementary Fig. 2D & 3D) that the mean
slope for all glaciers (r = 0.42 and p = 0.00001), clean ice (r = 0.42 and
p = 0.00001) and debris cover (r = 0.30 and p = 0.0002) glaciers had
significant correlation with the average glacier mass balance, however,
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considering the terminus slope of each glacier, we didn’t observe any
significant difference of their correlation (r = 0.48 and p = 0) in our
study region.

The positive correlation between mass balance with mean glacier
slope emphasized that steep glaciers are less affected by regional mass
loss (Fischer et al., 2015; Rabatel et al., 2016; Brun et al., 2019; Davaze
et al., 2020). This is primarily due to glaciers with higher slopes and in
effect, higher flow dynamics, results in a higher ice flux (Davaze et al.,
2020). Therefore, steep glaciers have the ability to regain their balance
state more quickly and resist further mass loss. On the contrary, low
slope glaciers remain in imbalance for much longer time probably
because they are unable to adjust their geometry to reach a new equi-
librium as fast as the steeper glaciers and undergo significant mass loss.
Moreover, glacier with low slopes and long tongues at lower elevations
in HMA are in a tendency of having more debris cover, and we observed
in this study that debris-covered glaciers are losing significantly more
ice in this region as also reported elsewhere (Gardelle et al., 2013; King
et al., 2019).

6.3.2. Glacier ice dynamics and glacier surging

Ice dynamics refers to the flow of ice within a glacier and can control
the mass balance significantly. We plotted the average flow velocities of
different glaciers across mass budget (Supplementary Fig. 4A). We
examine glaciers with an area of >1 km? with the maximum glacier area
being 53.9 km?. We observe that there is a tendency of increasing pos-
itive mass budget with the increase in mean velocity of the glaciers
(Supplementary Fig. 4). However, the relationship is not statistically
significant (r = 0.03 and p = 0.77) as many of the smaller glaciers do not
follow this response pattern.

Glacier ice dynamics also influence individual glaciers mass balance.
Glacier surface velocities provide insight into glacier dynamics and can
be used to identify surging glaciers in their active phase of surging. We
identified surge-type behaviour of a glacier (Glacier —1 in Fig. 1;
RGI60-14.26971) in our study area. This glacier was identified as a
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surge-type glacier by Guillet et al. (2022) and Bhambri et al. (2023) but
no detailed investigations were performed. Surge activity usually de-
pends on dynamic instabilities due to internal and sub-glacial conditions
(Dolgoushin and Osipova, 1975; Sharp et al., 1988) and are unrelated to
or only indirectly dependent on external triggers (Meier and Post, 1969;
Quincey and Luckman, 2014). A glacier surge is normally initiated due
to the increased ice accumulation in the reservoir region of a glacier
resulting in an increased pressure on the glacier bed. As a result, the
water in the glacier bed may increase which promotes the surge activity
by reducing friction with the bed (Kamb, 1987; Bjornsson, 1998; Bar-
rand and Murray, 2006). The increased pressure may also deform the
sediments in the glacier bed, thereby enhancing surge activity (Murray
et al., 2000). In both cases, the glacier experiences an increase in overall
velocity. Here, we have also observed around seven times increase in
glacier velocity during the surge activity (Fig. 12) and corresponding
heterogeneous mass budget before (—0.19 + 0.07 m w.e. a~ ! during
2000-2018) and after (—0.40 4+ 0.06 m w.e. a! during 2018-2021) the
surge. The typical pattern of surge could be confirmed also analyzing
ICESat-2 (Supplementary Fig. 5A). A distinct drop in surface elevation in
the source area and rise in the area close to terminus between 2019 and
2021 is also evident (Supplementary Fig. 5B). This corresponds to the
results from both the DEM differecing and analysis of surface velocity
(Fig. 12). Similar low mass loss rates in the late quiescence period and
then substantially greater mass loss rates during the surge were also
evident in other parts of the Tibetan plateau (King et al., 2023).

Apart from heterogeneous mass budget, the glacier also experienced
variable length fluctuation during the study period (Fig. 12). The glacier
retreated by 310 £ 8.2 m from 1973 until 2019 and the glacier terminus
was almost stagnant from 2018 to September 2019. Ice mass redistri-
bution from the glacier’s higher reaches has begun by this point and
crevasses started forming near the terminus (Supplementary Fig. 6). This
increased mass near the tongue then suddenly experienced a very rapid
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advancement of 796 + 29.7 m within three months (until 3rd Dec 2019).
The width of the glacier also increased considerably due to the transfer
of ice from the upper reaches of the glacier (Supplementary Fig. 6).
Overall, the glacier advanced by nearly 900 m from 2019 until the end of
the study period, though the rate of advance is much decreased after
2019 (29.3 + 4.10 m a’l). Based on its rapid advancement (>100 m
a1, we classify it as a confirmed surge-type glacier with surge index of
1, following the classification scheme of Mukherjee et al., 2017.

We also compared the ice thicknesses (bedrock topography based on
Farinotti et al., 2019) before (2018) and after the surge (2020) along the
centreline profile of the glacier. The reduction of ice thickness in the
upper reaches of the glacier began in 2018, with an average minimum
thickness of ~120 m (Fig. 12E). The ice thickness reductions in the
reservoir area continued through 2020, and the 2020 DEM indicates
minimum average thickness in the reservoir area was ~74 m, implying
considerable ice mass redistribution from this area down glacier,
resulting in an advance of the glacier. By 2021, the glacier has started
accumulating ice again in its reservoir area (average thickness ~ 91 m),
which is evident from the increase in thickness in this area (Fig. 12E),
while still advancing at a much-reduced rate (Fig. 12A). The retreat from
1973 to 2019 implies that the glacier has a surge cycle of >45 years, and
we may not observe a surge event for this glacier in the next few de-
cades. Such long quiescent phases were observed for many surge-type
glaciers in the Tien Shan region (Mukherjee et al., 2017).

We also estimated geometries such as length, area, elevation range
and slope of this surge type glacier and compared with the normal
glacier and found mean percentile scores of 96.4, 97.5, 92.8 and 15.9
respectively. These results also emphasized the fact that surge-type
glaciers are generally larger than most non-surging glaciers and have
shallower slopes (Sevestre and Benn, 2015; Mukherjee et al., 2017).
Therefore, the evidence from the geometries together with the similar
temperature and precipitation trend, (annual precipitation and
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. Clacier surge event

T

03 Oct 2022

03 Dec 2019
114 Oct 2019
[ 08 Sep 2019
[ 20 Oct 2001

24 Nov 1973

A

2000-2018 2018-2021

E-20--10 EEN-10--8 NN -8--6 NN -6--4 [ -4--2 [ ]-2--1

[ ]-1-+1 [ ]+1-+20 [77]+20-+40

) 2504 (E) === Ice thickness (2018) = Ice thickness (2020)
175 = Ice thickness (2021)
220
~.: 150+ z
£ ZE 190
P 125 1 :
& 1004 £ 160
9 =
> 751 S
] g 130
T 50 =
: :
25{ % 3 3 100
70
2015 2016 2017 2018 2019 2020 0 1000 2000 3000 4000 5000 6000
Year

Distance towards terminus (m)

Fig. 12. (A) Glacier extent in pre-surge and during the surge for different time periods of glacier RGI60-14.26971 (background image: PlanetScope scene of 8th
September 2019). Elevation change (B) before the surge activity, (C) after the surge activity, (D) Annual mean surface velocity derived from Sentinel-1 data of the
surge type glacier and (E) Thickness profile along the center flow line towards the terminus of the surge type glacier in different time period.

14



A. Bhattacharya et al.

temperature ~ 1260 mm a! and ~ —5.5 "C) where most of the surge
type glaciers are found (Sevestre et al., 2015), might enhance the chance
of surging in this region also in near future.

6.3.3. Debris cover and dynamic separation

We observed that the debris cover portions of all the investigated
glaciers lost more than ~56% (—0.81 + 0.13 m a Dice compared to the
overall average ice loss (—0.52 = 0.10 m a b during 2000-2020. It was
also observed that the increased debris thickness reduced glacier mass
loss (r = 0.16 and p = 0.03) (Supplementary Fig. 4B). Typically, thin
debris enhances melting rate by reducing the glacier albedo and
absorbing more incoming solar radiation (Jstrem, 1959), whereas, thick
debris increases the surface temperature, thereby increasing both the
outgoing longwave radiation and turbulent energy fluxes and reduce the
melting (Steiner et al., 2018). However, apart from the debris thickness,
several other factors, such as, presence of supra glacial lake, ponds,
ice-cliffs, distribution of the debris, size and composition of the debris
particles, and the local climatic conditions also influence the glacier
mass balance (Benn et al., 2012; Ragettli et al., 2016; Kneib et al., 2021;
Bhambri et al., 2023), which needs to be investigated further.

Debris cover on glaciers also lead to differential melting rates and
flow patterns which creates variations in surface topography, with de-
pressions forming in the areas of faster melting and debris cover mounds
or hummocks developing in the areas of slower melting. These irregu-
larities may hamper the smooth flow of ice, creating complex pattern of
ice movement, which may lead to dynamic separation of the glacier (e.g.
Benn et al., 2012). In addition, debris cover may also increase the shear
stress that increases the strain rates. Such differential strain rates may
cause the glacier to separate into distinct sections with different flow
characteristics (Jennings and Hambrey, 2021).

We observe one such likely dynamic separation phenomenon for Raj
Bank Glacier (RGI60-15.06559) in our study area. A prominent bedrock
ridge is now growing, which might separate the debris-covered tongue
of Raj Bank Glacier (RGI60-15.06559) from two clean ice accumulation
zones in near future, where two tributary flow units converge in the
central portion of the glacier, with mean elevation of ~5600 and ~5200
m a.s.l. respectively. The surface elevation rapidly drops from 5600 m to
4845 m over a short distance of ~100 m from upper accumulation re-
gion. A previous study reported (Pandey et al., 2022) that the glacier is
continuously decreasing in area (2.43 + 1.31%) and snowline altitude
(SLA) has also shifted upwards by 330 + 63 m during 1962 to 2019.
Interestingly, in this zone a bedrock wall began to emerge in ~1990,
which was not evident in 1973. The exposure of this bed rock wall
started spreading along the width of the glacier which may have
impacted its flow regime and the movement of ice mass to its lower
reaches (Supplement Fig. 4). Additionally, a large ice-cliff, which
formed between 2000 and 2006 (Supplement Fig. 4), has now expanded
to almost cover the full width of the glacier, which may have been
responsible for the stagnant nature of the ice immediately down-glacier
of the bedrock outcrop and is likely to have promoted downwasting in
ablation region. Therefore, the lower reaches of this glacier are likely to
suffer greater ice mass loss in near future due to the deficit of ice
transport from the upstream region. Further investigation and constant
monitoring is required to understand the long-term behaviour of this
glacier. A comprehensive detail of the phenomenon based on time-series
analysis of the satellite images is provided in supplement (Supplemen-
tary note 3).

6.4. Implication of glacier behaviour in the wider Himalayan region

Our temporally detailed measurements of glacier change offer a
comprehensive view of glacier evolution in the Alaknanda Basin, but can
also be used to inform on the likely behaviour of glaciers elsewhere in
the Himalaya and whole HMA which have experienced similar changes
in climate recently. Regional remotely sensed observations suggest that
contemporary (post-2000) glacier mass budgets are relatively consistent
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along the Himalaya, with several studies estimating that glaciers at the
source of rivers such as the Indus and the Ganges lost ice mass at a rate of
—0.30 to —0.40 m w.e. a~! from 2000 to 2020 (Brun et al., 2017; Shean
et al., 2020). Our multi-temporal mass budget results offer a clear
indication that recent glacier mass budgets are substantially more
negative (—0.68 + 0.09 m w.e. a’l) than indicated by studies which
have averaged results over longer time periods. If this is the general
trend in the wider HMA region then we would expect glaciers in the
broader region to have experienced similar multi-temporal mass balance
perturbations within the last decades. In the period 1973 to 2020, these
glaciers lost 12.9 £ 1.7 Gt, which accounts for up to 0.036 + 0.006 mm
sea level rise, considering an ocean surface area of 3.6 x 1014 m?
(Amante, 2009). Studies such as Dimyri et al. (2018) indicate significant
contemporary warming, which may continue until at least the end of
21st century (Dimri et al., 2018) if the current trend of temperature
increase continues that we have observed in the recent decades (Fig. 8).
By combining multi-temporal mass budget results with multi-temporal
climate parameters like summer temperature, winter precipitation,
annual temperature and annual snowfall, we observed that summer
temperature has most control on the region wide glacier mass balance.
We obtained a regional mass balance sensitivity of —0.6 m w.e. a* °C~},
and came up with a relationship of glacier mass balance and average
summer temperature of the study region. This relationship can be used
to generate a long-term mass balance time series of the glaciers of this
region. Based on these values, we can comment on the yearly glacier
meltwater runoff component during the last decades. Similar studies in
other parts of the world and on individual glaciers may help to establish
relationships with climate variables, reconstruct glacier mass balance
series, and will improve our understanding on the response of glaciers in
different parts of the world to a changing climate.

The prolonged thinning of Raj Bank Glacier may lead to its separa-
tion into two dynamically contrasting bodies of ice with an effectively
stagnant glacier tongue now downwasting at an accelerated pace, below
a still actively flowing accumulation zone. The dynamic separation of
long, gently sloping debris-covered glaciers is a scenario that has been
predicted elsewhere in HMA (Rowan et al., 2015, 2021) and our ob-
servations of this style of glacier evolution indicate that this style of
glacier recession could be widespread in the future. This has implica-
tions not only for modelling studies that aim to simulate glacier mass
loss and subsequent meltwater yield, but also complicates the prediction
of glacial lake development and associated hazard (Glacial Lake
Outburst Flood) potential. Stagnant, gently sloping, debris-covered
glacier tongues are hotspots of supraglacial pond formation and lake
development (Quincey et al., 2007; King et al., 2018) and these condi-
tions may soon be prevalent on glaciers such as Raj Bank Glacier.

Finally, the in such detail previously undocumented surge-type
behaviour of glacier RGI60-14.26971 emphasizes the findings of Guil-
let et al. (2022) that surge-type glaciers are much more common than
previously thought in HMA. Our results, in combination with the in-
ventory of Guillet et al. (2022), show how the surge of RGI60-14.26971
is not an isolated example of glacier surging in the Western Himalaya.
Indeed, the climate in this region fits the envelope described by Sevestre
and Benn (2015) within which surge-type glaciers typically occur and it
should therefore be expected that further glacier surging may occur in
the region. We used purely remotely-sensed observation to identify and
study this surge, which shows how remote sensing has become a valu-
able technique for monitoring surge behaviour when logistically diffi-
cult field-based observations are not practical. Despite the fact that the
repeat observations of global glacier surface elevation change data
(Hugonnet et al., 2021) might offer a great synoptic overview of the
glacier states, but this elevation change grid would not always be able to
capture the rapid advance/retreat and related mass changes during for
example, surge events, if the glacier extents are kept unchanged over the
period of observation. Therefore, muti-temporal regional area change
and mass balance data in combination with global mass balance
(Hugonnet et al., 2021) and glacier flow (Gardner et al., 2019; Friedl
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et al.,, 2021) data will aid the identification of surge-related glacier
hazards across HMA, which will help monitoring, forecast and mitiga-
tion of related hazards (e.g. Gao et al., 2021).

7. Conclusions

We studied the long-term behaviour of 445 glaciers in the Alaknanda
basin and its surroundings over the period of 1973-2020. Before 2000
(1973-2000), the mean glacier mass balance in the region was —0.30 +
0.12 m w.e. a_'. This decreased to —0.43 + 0.06 m w.e. a_! during
2000-2020. There was heterogeneous mass loss both in spatial and
temporal scales and mass loss has increased significantly in our most
recent study period (—0.68 + 0.09 m w.e. a~!in 2015-2020). Our multi-
temporal geodetic observations are capable of quantifying changes in
glacier surface elevation which are masked in longer term, but less
temporally resolved datasets. Time series of temperature, precipitation
and snowfall available from ERA5 Land data indicates a significant in-
crease in summer and autumn temperature during recent time periods in
the region. The prolonged ablation season due to significant seasonal
temperature increases has likely enhanced glacier mass loss in the recent
periods. ERA5 Land precipitation data did not show any significant
trend throughout the observation period but solid precipitation in the
spring season reduced by ~28.6% during 2015-2020 perhaps contrib-
uting to a reduction in the winter accumulation. Apart from climatic
factors, non-climatic factors also influenced regional glacier mass loss.
Steep and higher elevation glaciers in this region were less affected by
the changing climate, perhaps due to more accumulation and rapid
transfer of snow and ice that helped them to readjust their geometry
with the ongoing climate change compared to low slope/less dynamic
glaciers. We identified a surge-type glacier in the study region that
advanced rapidly (800 m) within three months between Sep-Dec 2019.
The advance is still ongoing 2023, though at a much-reduced rate.
Analysis of available images suggests that the quiescent phase for this
glacier is >45 years. Our study highlighted that factors such as
morphometry and topographic features can also potentially influence
negative impact of regional glacier mass balance which may become
amplified in coming decades. These multi-temporal mass budget esti-
mates also provide us with an option to generate annual mass balance
time series and quantify possible regional mass budgets for future
climate scenarios. Finally, though the non-climatic factors also influ-
enced glacier mass budget in this study, but the results indicate that
average summer temperature has the strongest influence on mass
budget.
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