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Abstract

Cryosphere all over the globe is thawing, be it the Arctic, Antarctic, Greenland or Himalaya. Studies have predicted that
loss in the glacier mass over the Upper Indus Basin in Kashmir Himalaya would amount to 47 to 67% (Romshoo in 7th
conference of Science and Geopolitics of Arctic and Antarctic, 2023). A similar trend prevails in the Bhaga basin of the
Upper Chenab, where glaciers in size classes < 0.5 km? and 0.57! km? show a higher relative loss of 25% (0.5% year™') and
13% (0.3% year™!) respectively (Das et al. in Quat Sci Rev 316:108258; J Mt Sci 20:299-324, 2023). The loss in Eastern
Himalaya (Sikkim) has been reported to range from 20 to 30% (Debnath in 7th conference of Science and Geopolitics of
Arctic and Antarctic, 2023). On the basis of the compiled records of snout fluctuations of 285 glaciers and two regional
means spanning 17 decades from the 1850s, it has been deduced that most of the Himalayan glaciers are retreating, and
the retreat rates have accelerated in the past few decades, but the observed tendencies are not regionally uniform (Kulkarni
et al. in Water Security 14(6557):100101; J Indian Soc Remote Sensing 49(8):1951-1963, 2021). The excessive ice mass
loss has resulted in the formation and/or expansion of glacial melt water lakes posing a threat of Glacial Lake Outburst Flow
(GLOF). The results of the studies on the response of climatic variability over the state of cryosphere, the role of debris on
the melting of glaciers, changes in the winter precipitation pattern and consequent impact on the hydrological cycle, water
availability and state of permafrost over Himalaya have also been a focus of studies, including developing models (Banerjee
et al. in Geophys Res Lett 49:096989, 2020), in contemporary publications, enriching the data on the fundamental aspects
of glacial processes that are of great societal relevance.
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Introduction

The Himalayan range, which extends over ~ 2400 km, consti-
tutes the largest concentration of snow and ice after the two
Polar Regions and is highly sensitive to the ongoing climate
changes. The region feeds three major river basins namely:
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the Indus, the Ganga and the Brahmaputra Basins (Fig. 1)
which in turn support a population of more than a billion
people. Though there has been a large interest in studying
the climatic variability over different parts of the cryospheric
domain of the Himalaya, there still exists a wide gap in
ground-based data as also the uncertainty in data on most
aspects (Azam et al. 2021) such as the highly heterogeneous
behaviour of glacial melting (Hugonnet et al. 2021). There is
a negative balance in the eastern Himalaya, a relatively less
negative mass balance in the western Himalaya and a in the
Karakoram these are in balasnce. (Amir et al. 2018). Simi-
larly, the estimates of snow cover and rainfall are also highly
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Fig. 1 The Himalayan Range
showing major river Basins
geographical subdivisions
(GTOPO30 Digital Elevation
model)
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variable mainly because of an inadequate meteorological
observatories in the highly inaccessible mountainous terrain.

The decline in the glacier mass balance alters the local
and regional hydrological cycle and is a major concern for
the agrarian economy of India. Several Indian research insti-
tutes, governmental organizations, IITs, and Universities are
engaged in conducting research and studying the dynamics
of glaciers and their impact on the hydrological cycle natu-
ral hazards through remote sensing techniques and ground
observations.

A brief review of work related to the contemporary
dynamics of glaciers in the Himalaya has been articulated in
Kulkarni and Shirsat (2020), Sharma et al. (2021), Kulkarni
et al. (2021b), Pant et al. (2018), Romshoo (2023), Arora
(2018) and several others. A comprehensive data repository
on the contemporary as well as paleao glaciers, from Sikkim
in the East to Himachal in the West has been reconstructed
using techniques ranging from geomorphological mapping,
sedimentological analysis, geochemistry, absolute dating
of soil and rocks using Infrared Stimulated Luminescence
(IRSL), and '°Be Terrestrial Cosmogenic Nuclide (TCN)
surface exposure dating (Sharma et al. 2021).
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Glacial mass balance studies
and chronologies, landscape evolution

Western Himalaya

The topographic analysis of the various glacial valleys
in the Western Himalaya (Fig. 1) such as the Sutlej and
Bhaga basins indicates a general tendency of loss in
smaller glaciers; losing a higher percentage of area as
compared to the larger glaciers (Das et al. 2023a, b; Man-
dal and Sharma 2020).

Analysis of a total of 306 glaciers (> 0.2 km?) with an
area of 360.3 +4.0 km?, inventoried between 1971 and
2020, showed accelerated glacier shrinkage (~8.2+1.5%
or 0.16 +0.03% year™!) during this period which corre-
lates well with the climatic variability. The significant
winter temperature increase and year-round precipitation
decrease in the Bhaga basin, since the 1990s, have prob-
ably augmented ice loss during the early twenty-first cen-
tury (Das et al. 2023a, b). Most of the glaciers in this basin
have experienced critical thinning and lost huge ice mass




Proceedings of the Indian National Science Academy (2024) 90:415-425

417

in the range from — 6.07 m w.e. to —9.06 m w.e. during
2008-2018 (Nagajothi et al. 2020).

In-depth work in the transitional zone between the mon-
soon-dominated Pir-Panjal and westerly-dominated Trans-
Himalaya Chandrabhaga basin (Das et al. 2023a); including
the Miyar and Thirot watersheds in the Upper Chenab, has
been carried out in the recent years (Deswal et al. 2023).
The ice mass loss of Gepang Gath Glacier (GGGL) in
Chandra basin, western Himalaya was assessed by Kumar
et al. (2021a) using multi-year satellite dataset of Landsat
series (TM, ETM + and OLI, 1989-2017), indicating ~0.28
km? of ice volume loss between 1989 and 2017. The gla-
cier retreated ~ 846 m with an average rate of 30 m a~! and
lost~0.73 +0.05 km? frontal area from 1989 to 2017.

The studies over parts of western Himalaya covering the
ranges in the upper Indus Basin (Romshoo 2023; Abdul-
lah et al. 2020) using the TanDEM-X and SRTM-C Digital
Elevation Models (DEMs) from 2000 to 2012 have shown
that 12,243 numbers of glaciers of the region have thinned
on an average of —0.35+0.33 m a~! during the observa-
tion period. Higher thickness reduction was observed on the
glaciers situated at lower altitudes (—1.40+0.53 m a~!)and
with shallower slopes (— 1.52+0.40 m a™!). The cumulative
glacier mass loss of —70.32 +66.69 giga tonnes (GT) was
observed during the observation period, which, if contin-
ued, would significantly affect the sustainability of water
resources in the basin.

Rana et al. (2023) described the morphological and
dynamic changes of Parkachik Glacier, Suru River val-
ley, Ladakh Himalaya using satellite images of the period,
1971-2021 supported by field campaigns between 2015 and
2021. The result reveal that overall, the glacier retreated
by —210.5+80 m with an average rate of 4+1 m a~!
between 1971 and 2021. In contrast, a field study suggested
that the glacier retreat increased to — 123 +72 m at an aver-
age rate of —20+ 12 m a~! between 2015 and 2021.

Under an integrated Himalayan Cryospheric Observa-
tion and Modelling (HiCOM) program, National Centre for
Polar and Ocean Research (NCPOR) has been conducting
glaciological studies on six benchmark glaciers of Chan-
dra and adjoining basin in Western Himalaya to collect-
ing ground data for estimation of glacial mass balance and
energy budget of glaciers. These studies have revealed that
the mean annual mass wastage of Chandra basin glaciers
was —0.21 m w.e. before 2000 which increased significantly
to—0.56 m w.e. after 2000 (Patel et al 2021). Chandra basin
has lost 3.8 GT (0.62 m w.e a~') of glacier mass with a
mean thing of 5.5 m during the last 9 years (2013-2022).
Annual mass loss of monitored glaciers in the Chandra
basin varies from+0.71 m w.e.a"' to —1.65m w.e. a"l. A
model-based study revealed that the Chandra basin glaciers
have been losing mass with a mean annual mass balance
of —0.59+0.12 m w.e. a~! during 2013-2019 (Patel et al.

2021). Similarly, other adjoining basins Miyar and Parvati
have also been continuously losing a huge mass (0.85 m w.e
a_l).

Studies related to energy balance in the Chandra basin
(Oulkar et al. 2022; Pratap et al. 2019) have highlighted that
inward fluxes account for most of the total heat flux over the
ablation zone, resulting in strong summertime melting. The
study revealed that the net radiation (R,) contributes ~75%
in total energy (F,,) during the melt season while sensible
heat (Hy), latent heat (H;), and ground heat (H) fluxes
shared 15%, 8%, and 2%, respectively. Net short-wave radia-
tion progressively increases during ablation and decreases
during winter but net long-wave radiation works as a sink
of energy throughout the year. Higher positive sensible and
latent heat flux over the ablation zone during summer of
the glacier surface enhances the ice ablation and contrib-
utes ~ 88% of total ice melt.

Geological Survey of India (2020) has been monitoring
Neh Nar, Rulung (Jammu & Kashmir); Gara, Gor-Garang,
Shaune Garang, Hamtah (Himachal Pradesh) on a long-term
basis, for example, the mass balance studies of the Hamtah
glacier that started in 2010 are still going on.

Based on the geomorphological mapping, Infrared Stimu-
lated Luminescence (IRSL), and 19Be Terrestrial Cosmo-
genic Nuclide (TCN) surface exposure dating techniques,
various stages in the movement of glaciers in the Chandra
basin have been dated. The oldest Chandra Glacial Stage
is found to be contemporaneous to the late Marine Isotope
Stage 6 (MIS 6; 186 +30-113 + 10 ka) and also synchro-
nous with some of the north-western Himalayan established
glacial chronologies (Das et al. 2023a). Four local glacial
stages in the Upper Chenab basin are: 1. the Chandra, 2.
the Batal, 3. Dali, and 4. Mayar; each succeeding advance
stood many degrees smaller than the previous episode. A
similar corresponding trend exists for the adjoining Beas
basin but each episode is many degrees smaller in magni-
tude. Results indicate that since the presumed Little Ice Age
period extensions, glaciers in the region have experienced
terminus retreat and area loss (Deswal et al. 2023).

Glaciers in the Trans-Himalayan region of Ladakh

Shukla et al. (2020) assessed the spatiotemporal dynamics
of 252 glaciers in the Trans-Himalayan Suru basin, Trans-
Himalayan Ladakh between 1971 and 2017 using satellite
data. This analysis indicated 6% shrinkage of glacier ice
with climate and debris having dominant controls on gla-
cier changes. In a follow-up effort, Majeed et al. (2021a)
assessed the glacier changes and geodetic glacier mass loss
in the neighbouring Pangong Region of Trans-Himalayan
Ladakh, India between 1990 and 2019 suggesting deglacia-
tion of 6.7 +0.1% (0.23% a~') with debris-covered glaciers
showing lower retreat (5.7 +£0.14%) than clean-ice glaciers

@ Springer



418

Proceedings of the Indian National Science Academy (2024) 90:415-425

(8.4+0.28%). The study suggested that the glaciers in the
region annually lost 0.33 +0.05 m w.e. between 2000 and
2012. However, the overall recession is lower compared to
other parts of north western Himalaya. The glacier reces-
sion showed a positive correlation with mean glacier slope
and debris cover with bigger size glaciers having retreated
at a lesser pace compared to smaller ones. This underpins
the need for in-situ data about debris thickness to precisely
ascertain the role of debris on glacier recession in the Trans-
Himalayan Ladakh where debris thickness data is absent.

The surging glaciers of Karakoram glaciers were stud-
ied by Bhambri et al. (2022) who addressed the interac-
tions between tributary and trunk glaciers, particularly the
behaviour and impacts of 13 tributary glacier surges on
three trunk glaciers, using digital elevation models (DEMs),
surface displacement, and field and archival reports. They
observed substantial differences in surge dimensions, timing
and histories of the main trunk glacier and their tributar-
ies. Rashid et al. (2018) studied the surge of Hispar Glacier
between 2013 and 2017 by analyzing glacier velocity, gla-
cial geomorphology and supraglacial water bodies through
remote sensing data. The analysis suggested the influence of
tributary glaciers on triggering the surge. In another study
focussing on Shisper Glacier, Rashid et al. (2020) used mod-
erate and high-resolution satellite data to detect glacier surge
(with a total snout advance of 860 m) and evolution of an
ice-dammed lake (26 ha) formed due to the damming of an
outflow stream from adjacent Mochowar Glacier that has a
potential to drain rapidly and affect downstream communi-
ties and infrastructure.

Central Himalaya

Details about the elevation changes and surface flow dis-
tribution for 205 glaciers (> 0.1 kmz) in the Alaknanda,
Bhagirathi, and Mandakini basins, located in the Garhwal
Himalaya have been provided by Bhambri et al. (2023a).
The average thinning rate was 0.07 +0.09 m a~! from 2000
to 2015, increasing to 0.31 +0.19 m a~! from 2015 to 2020,
with pronounced differences between individual glaciers.
Between 2000 and 2015, Gangotri Glacier thinned nearly
twice as much as the neighbouring Chorabari and Com-
panion glaciers, which have thicker supraglacial debris.
The geodetic method was also applied to 61 glaciers in the
Alaknanda basin and the glacier mass balance estimated
from 2000 to 2017 is —0.28 +0.08 m w.e. a-' (Remya et al.
2020),

These glaciers experienced a significant slowdown
(~25%) between 1993-1994 and 2020-2021. However, the
Gangotri Glacier was active even in its terminus region dur-
ing most of the observational periods. This glacier receded
by 1727 +51 m (19.8 +0.2 m a~ ') between 1935 and 2022.
The retreat of Gangotri Glacier decreased from 2001 to 2006
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but increased nearly three times between 2006 and 2017.
Further, from 2017 to 2022, the frontal retreat accelerated
by about 1.5 times (33.8+6.7 m a~!) compared to the period
between 2006 and 2017 (Bhambri et al. 2023b). The find-
ings of this study are consistent with a ground-based survey
conducted by the Geological Survey of India.

Glaciers in the upper Rishi Ganga catchment, Nanda
Devi region, have lost ~26 km? (10%) of the glaciated area
between 1980 and 2017 with Equilibrium Line Altitudes
(ELA) of glaciers fluctuating between 5200 and 5700 m asl.
(Kumar et al. 2021b). Geological Survey of India is monitor-
ing the Tipra bank, and Dunagiri glaciers in Uttarakhand for
their mass balance studies (GSI 2020).

Eastern Himalaya

A study of 74 glaciers in the Chhombo Chhu Watershed of
the Tista basin, in Sikkim from 1975 to 2018, has shown that
the glaciers in this basin have vacated an area of ~17.9+ 1.7
km? (0.42 +0.04 km? a™!), demonstrating a higher rate of
retreat as compared to other location in the Himalaya. A
significant trend of decreasing precipitation during summer
monsoons and minuscule increase in temperature during all
seasons is reported (Chowdhury et al. 2021).

A four-stage glacial chronology has been identified in
the Zemu and East-Rathong Glacier valleys with succeed-
ing glacial advance initiated by a drop of —1.7 °C (Stage
II),— 1.2 °C (Stage III) and — 0.5 °C (Stage IV) in tem-
perature that followed the global Last Glacial Maximum
at ~18.276 +0.589 ka with a change in ELA of —519.5 m,
initiated by a drop of — 3.4 °C in temperature. Incidentally,
these glacial stages are synchronous with the neighbouring
areas of Thangu in north-Sikkim, Bhutan and the eastern
Himalaya syntax too (Kumar et al. 2023).

The glaciers of Changme Khangpu Basin (CKB), of Sik-
kim Himalaya, have witnessed a higher rate of area shrink-
age in the decade 2001-2016, compared to a relatively lower
rate of recession between 1988 and 2001. Lower-altitude
glaciers have receded faster than ones perched up on higher
elevations. The rate of glacier area recession has been nearly
twice that on clean glaciers when compared to the debris-
covered glaciers in the CKB (Debnath et al 2019). Geologi-
cal Survey of India (2022) is also monitoring this glacier.

Response of debris cover

The supraglacial debris transported over the melting gla-
cier surface acts as an insulating barrier between the ice
and atmospheric conditions and has a strong influence on
the spatial distribution of surface ice melt. The response
of debris cover on the retreat of glaciers extending from
the East to West reveals that glaciers with varying suprag-
lacial debris coverage most probably cause asynchronous
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area loss (Chand et al. 2020; Chowdhury et al. 2022; Das
et al. 2022, 2023a, b; Sharma et al. 2021). The size of the
debris and clast composition have a different impact on the
glacier melting.

Within the Bhaga Basin in the Western Himalaya, the
glaciers with 31-40% (Type V) and 41— 50% (Type VI)
supraglacial debris coverage lost minimum area of 1.58 km?
(7.2%; ~0.1% year™") and 3.54 km? (7.1%; ~0.1% year™"),
respectively, as compared to debris-free glaciers (Type I;
1%—10% supraglacial debris coverage). Debris-free type lost
area from the existing 53.61 + 1.5 km?in 1971 to 45.27 + 1.4
km? by 2020 (15.6%; 0.3% year™'; Das et al. 2023b). In
the Eastern Himalaya, the Chhombo Chhu watershed in
the Sikkim Himalaya, debris-free glacier area changed at
a higher rate of —0:27 +0.03 km? a~! compared to partially
debris-covered (—0.12+0.01 km? a~!), and the large debris-
covered glaciers (—0.02 +0.002 km” a~'; Chowdhury et al.
2022).

Patel et al (2021) have observed that 15% of the glacier
area of the Chandra basin is covered with debris with vary-
ing thickness ranging from 5 to 326 cm. They have shown
that high resistance (0.55+0.09 m?> °C W~!) under thick
debris has effectively retarded the energy transmission due
to high thermal resistivity and helped to reduce the glacier
melting. The annual ablation over the debris-covered area
does not exceed > 3.0 m w.e. a~! at any specific glacier area
throughout the observation period (2013-2020). While the
glacier has a linear increment in debris thickness towards
lower elevation, it depicts reverse ablation patterns. Accord-
ing to Pstrem curve between debris thickness and ablation
rate, ~80% reduction in ablation rate was found with the
effects of debris varied from 2 to 72 cm thick (Pratap et al.
2023).

Spatiotemporal surface velocity measurements of the
debris-covered Miyar Glacier of the Chandrabhaga (Chenab)
basin in Western Himalaya for three decades (1992-2019)
show an average velocity of the Miyar glacier as ~29 ma™",
while the debris-covered tongue is nearly stagnant with
recession rates ~5 ma~!' compared to the debris-free up-
glacier zone at~35 ma~!. A more focused study on the gla-
cier elevation change in the Jankar Chhu Watershed, Lahaul
Himalaya, documented a nearly stagnant thick (>10%
debris-covered) tongue (Das et al. 2022).

The debris-covered area of the Parvati Glacier (about
12%) increased twice in size than that of the detached glacier
(about 6.1%) during 1994-2018 (Chand et al. 2020). A large
number of instances of glacier detachment was also recorded
in the Bhaga basin, increasing the number of glaciers from
233 to 242 between 1971 and 2020 (Das et al. 2023b).

Another study combining field and remote sensing
observations for the period between 2000 and 2020 on the
Companion Glacier (Chorabari Glacier), Central Himalaya
for understanding the impact of supraglacial morphology

and debris characteristics on melting, revealed that the gla-
cier's lower ablation zone had very coarse and thick debris
(1-3 m) due to which the glacier suffered much less area loss
(0.07% +0.1% a~') and terminus retreat (1.2+1.9 m a™")
than other glaciers in the adjoining area (Garg et al. 2023).,

To develop a model-based method for the estimation of
ice ablation on a debris-covered glacier from vertical debris-
temperature profiles Laha et al. (2023) measured the debris-
layer temperature profiles at 16 locations on Satopanth Gla-
cier (central Himalaya) during the ablation seasons of 2016
and 2017 and showed that the temperature measurements
obtained at equispaced sensors and analysed with a two-
layered model improve the accuracy of the estimated thermal
diffusivity and sub-debris ablation rate.

Climate change impacts on the cryosphere

Cryosphere is a delicate indicator of the impact of chang-
ing climate. The Polar Regions such as have archived these
changes in the ice sheets and glaciers of the Arctic, Antarctic
and Third Pole (Sharma et al. 2020; Dimri et al. 2021).
Banerjee (2022) based on the model studies, has opined
that glacier runoff is relatively insensitive to the Interannual
variability of precipitation and that the above property is
independent of the climate setting of the glacier. A tempera-
ture-sensitive glacier runoff and a precipitation-sensitive oft-
glacier runoff determine the climate response of catchment
runoff. A method that combines multiple remotely-sensed
proxies to obtain robust estimates of the annual glacier-wide
balance using only remotely-sensed decadal-scale geodetic
mass balance for calibration has been proposed by Baner-
jee et al. (2023). This method was tested on Chhota Shigri,
Argentiere and Saint-Sorlin glaciers in the Himalaya and the
Alps between 2001 and 2020, using four remotely-sensed
proxies — the snow-line altitude, the minimum summer
albedo over the glacier and two statistics of normalised dif-
ference snow index over the off-glacier area around the abla-
tion zone. The reconstructed mass balance was compared
favourably with the corresponding glaciological field data.
The climate change as per Patel et al. (2021a) has resulted
in glacier fragmentation in some regions as also significant
area loss (0.2 km? a™!) in four glacier basins (Chandra,
Bhaga, Miyar, and Parvati) during the last two decades.
Snow cover estimate showed a slight decrease in snow cover
area during 2000-2020. A similar study on temporal dynam-
ics of glaciers in the Sind watershed of the Jhelum basin in
the North-western Himalayas also shows a significant loss of
22.5% during the last 28 years and an increase in number of
glaciers from 92 in 1990 to 116 in 2018. In the Upper Jhelum
basin, the total glacier area has reduced by 20% at a rate of
0.56 km? a~! with a more pronounced reduction (35%) in
the lower elevation zone (3800—4200 masl). The continued
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glacier recession in the region is largely due to decreasing
solid precipitation in the winter months (November—March)
and increasing mean annual temperatures (Ahmad et al.
2021).

Through the oxygen and hydrogen isotope ratios (5'%0
and 8%H) of tree-rings of Himalayan silver fir (Abies pin-
drow) samples collected from southeast Kashmir Himalaya
extending from 1648 to 2015 CE Pandey et al. (2023a, b)
have attempted to establish hydro-climatic variability in
Kashmir Himalaya. They conclude that there were stable
wet conditions during the last phase of the Little Ice Age i.e.,
from 1682 to 1841 CE; and the region had experienced drier
conditions as compared to recent and historical periods with
intense pluvial events since 1850. The present reconstruction
shows that there have been more extreme dry events than
extreme wet events since 1921.

To assess the relative magnitude of climatic changes and
cryosphere and the role thereof, a time-dependent recon-
struction and correlation has been carried out for the entire
major river source areas by Kumar et al. (2023).

Glacial Lake outbursts flow (GLOF)

GLOF or sudden flow from a glacial lake caused by the
breakdown of a moraine dam or excessive inflow of ava-
lanche debris, is a major natural hazard associated with gla-
ciers (Dimri, 2021).

As per an estimate, there are > 5000 glacial lakes in
Himalaya (Mal et al. 2020; Mohanty et al. 2023) which have
shown significant growth amounting to 17-23% in number
and 8.8-17.5% in area, since 1990 (Zhang et al. 2022). The
recent years (2015-2022) have shown nearly 37% growth in
their numbers (Mohanty et al. 2023).

Mapping of glacial lakes at a regional scale in the western
(Kumar et al. 2020), central and eastern Himalaya has also
been undertaken by several workers (Begam and Sen 2019;
Mal et al. 2020; Mohanty et al. 2023). Studies related to gla-
cial lake dynamics and GLOF modelling at regional scales
in the Karakoram (Bazai et al. 2021; Muneeb et al. 2021;
Rashid et al. 2020), western Himalayas (Sattar et al. 2023;
Majeed et al. 2021b; Rashid and Majeed 2018) and central
Himalayas (Hu et al. 2022; Maskey et al. 2020; Chand and
Watanabe 2019) and in the eastern Himalayas (Ahmad et al.
2021; Chowdhury et al. 2022; Sattar et al. 2023) signify
the growing recognition of the hazards conceived from such
lakes.

The serious hazard posed by the South Lhonak Lake in
Sikkim Himalaya was recognised as early as 2020 by Sattar
et al. (2020) who identified the increased susceptibility of
the lake to potential avalanche impacts. Avalanche simula-
tions had indicated that the frontal moraine was susceptible
to overtopping. Hydrodynamic GLOF modelling resulted in
a predicted peak discharge of 4311m3s~!, 8000m’s~!, and
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12,487m3s™! for breach depths of 20 m, 30 m, and 40 m
respectively. The large-potential scenario envisaged maxi-
mum flow depth and flow velocity at Chungthang, which
could reach up to 25-30 m and 6-9 m s~!, respectively and
cause heavy damage to settlements and infrastructure in
Teesta Valley.

GLOF studies have also been conducted on the Neel-
kanth (Lahaul —Spitti) and Gepang Goh (Sissu) in Himachal
Pradesh, and Chhombo Chhu and Gurudongmar lakes in
Sikkim Himalaya by different workers to caution the plan-
ners and stake-holders of any potential dangers. For exam-
ple, Chowdhury et al. (2021, 2022) have worked on the
climate-glacier interaction as a result of which glacial lakes
are expanding in size, and newer ones are forming at many
locations. Some of these lakes in the Gurudongmar Lake
Complex in the Tista Basin have expanded ~ 74 +3%, with
an expansion rate of +0.03 +0.002 km? a~! between 1962
and 2018; The GLOF potential from the Neelkanth Lake
was found to be high, considering majority of qualitative
parameters (Deswal et al. 2023).The climate-glacier-lake
interaction in the Bhaga basin has led to the emergence of
one proglacial lake between 2000 and 2020 in front of the
Mayar-II glacier, causing faster retreat at terminus in the
recent decades (Das et al. 2023b). A glacial lake inventory of
Arunachal Pradesh, Eastern Himalaya, India, was generated
using Landsat 8 OLI images (2016-2018) (Mal et al. 2020).
The study reveals that 1532 (>0.001 km?) glacial lakes
cover an area of 93.7 km?. Glacier erosion lakes are the most
dominant type, with 1268 glacial lakes (82.8%) with an area
of 76.8 km? (~82%). About 50% of the lakes are located in
the four districts of eastern Arunachal Pradesh, while ~16%
in the three central districts and ~33% in the four districts of
western Arunachal Pradesh. The western Arunachal Pradesh
has mixed patterns of glacial lake types, whereas the erosion
lakes dominate the eastern and central Arunachal Pradesh.
The Geological Survey of India (2019) has also compiled
an inventory of glacial lakes of the north-western Himalaya,
based on remote sensing multi-spectral data, for the identi-
fication of vulnerable GLOF risks. The expansion of glacial
lakes of Gepang Gath Glacier in Chandra basin, western
Himalaya has been studied by many workers including GSI
(2019) and Sattar et al. (2023). Kumar et al. (2021a) state
that the lake has expanded ~44%.

Himalaya represents one of the youngest mountain
chains that also coincides with high seismic Zones (pre-
dominantly 4 and 5). Natural disasters such as GLOF, ava-
lanches landslides and even minor earthquakes disturb the
delicate balance in the cryosphere. The catastrophic mass
flow (~27x 10° cubic meters of rock and glacier ice) that
Ronti Gad in the Chamoli district of Uttrakhand faced on 7
February 2021 caused widespread devastation and severely
damaged two hydropower projects (Shugar et al. 2021; Sain
et al. 2021). It has been suggested that real-time seismic
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monitoring with existing networks and future deployment
of integrated dense networks can be used to forecast flow
events and hazard mitigation downstream (Tiwari et al.
2023). Fifteen avalanche sites uphill of the Kedarnath Tem-
ple have been identified in a study conducted in 2023 (Sain
2023). The devastation due to a combination of excessive
rainfall and a GLOF at a moraine-dammed South Lhonak
Lake on October 04, that caused the flash flood hitting the
Teesta basin hard, has again highlighted the need to establish
an Early Warning System in potential high-risk zones.

Permafrost

Permafrost, as per the Global Climate Observing System
(GCOS) is an essential climate variable and is defined as the
ground (soil or rock and including ice and organic material)
that remains at or below 0 °C for at least two consecutive
years. While the permafrost research in the IHR was initi-
ated by GSI (Dimri et al. 1976, 1983), it remains the least
researched and poorly understood component of the Hima-
layan cryosphere. Due to its relatively invisible nature, its
extent and characterization are limited to a few localised
studies in the cold-arid Ladakh area of the Indian Himalayan
Region having been taken up very recently (Ali et al. 2018;
Allen et al. 2016). Wani et al. (2020, 2023) signalled sig-
nificant permafrost in a test catchment in the Ladakh region.
From other areas of the Himalaya, Pandey (2023) has com-
mented on permafrost areas in the Tsokar Basin within the
Upper Indus Basin.

Pandey (2019 developed rock glacier inventory of
Himachal Pradesh, state that discontinuous patches of areas
with permafrost can be found within an elevation range of
3052-5503 m a.s.l. Another rock glacier inventory for the
Uttarakhand State suggests that the higher elevation regions
above 4600 m a.s.l. are suitable for the occurrence of per-
mafrost (Baral et al. 2020). Similarly, an initial localised
estimate of 420 km? of permafrost is suggested in the Kullu
district of Himachal Pradesh (Allen et al. 2016). Hassan
et al. (2023) have shown the spatial extent of permafrost
over the upper Indus Basin. Wani et al. (2023) have shown
active layer dynamics of the permafrost in an observational
study over the upper Indus Basin. A regional approach to
permafrost monitoring in the IHR is necessary. High moun-
tain areas, much of which is underlain by permafrost, cross
several political boundaries. Design and implementation of
a sustainable trans-boundary network for integral assess-
ment of permafrost environment in the IHR are essential
to understand spatial and temporal variations in permafrost
characteristics and their potential significance. Additionally,
a network of shallow (~ 10 m) and deep boreholes (~50 m)
along contrasting climatic, topographic and geological
regimes is imperative for understanding and characterizing

the state of permafrost and permafrost thawing processes
across the IHR.

Hydrological studies

Himalayan glaciers have a significant impact on basin
hydrology and its response to climate change. Melt-runoff
from ungauged Himalayan basins necessitates an under-
standing of snow and ice cover extent as well as current
meteorological conditions. The basin topography and mete-
orological conditions influence the dynamics of snow cover
and the corresponding processes responsible for melt-runoff
generation (Mishra et al. 2020).

The state of Himalayan cryosphere and its implications
for water security have been the subject of critical investi-
gations (e.g. Kulkarni et al. 2021b), The glacier retreat and
depleting stream flow patterns due to changes in precipi-
tation have been noted by Rashid et al. (2020), who have
shown that the stream flow measured at five different sites
in Kashmir valley revealed statistically significant depleting
trends that have forced changes in land use system down-
stream. However, given the differential percentage of glacier
cover and climates across basins/subbasins detailed investi-
gations about peak-point/flows need to be undertaken. For
example, glaciers in the Suru Basin in Trans-Himalayan
cover 11% of the total basin area (Shukla et al. 2020) as
compared to the 0.5% glacial cover in the Jhelum Basin of
Kashmir (Romshoo et al. 2020).

Water discharge and suspended sediment dynamics
show that temperature is the major governing factor of the
river discharge and Suspended Sediment (SS) concentra-
tion. A significant positive correlation among temperature,
discharge and SS shows an increase in the mobilization of
stored sediment by the glacier during winter in the Chan-
dra basin. It also increases the mobilization of sediment
along the river due to an increase in river discharge during
summer (Singh et al. 2020). A delayed response of dis-
charge with respect to temperature showed a mean lag time
of 6-8 h which could be due to delayed routing of melt-
water from snow/ glaciers to the discharge site. A study
suggests that a 1 °C rise in air temperature leads to a 22
m’s~! (15% of mean) increase in the river discharge during
the ablation period (May—September). The hydrograph of
Chandra River suggests that the groundwater (38.3 +£5.6%)
is a significant source of the river runoff followed by a
direct contribution from glacier melt (30.9 +9%) and sea-
sonal snowmelt (30.6 +5.7%;), respectively, with negli-
gible contribution from rainfall. Although groundwater
is a significant contributor to river runoff, the infiltra-
tion of seasonal snowmelt (54%) and glacier melt (46%)
mostly contribute to groundwater recharge (Singh et al.
2021). Isotopic seasonality-based observations suggested
that glacier ice melt is the major source of proglacial
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Fig.2 Hydrograph depicting contributions from ground water, sea-
sonal snow melt and glacier melt to the discharge in Chandra River

discharge. This study augments the significant role of the
Indian Summer Monsoon (ISM) in glacier mass balance
up to the boundary of the central-western Himalayan gla-
ciated region (Singh et al. 2019; Kumar et al. 2021a, b,
¢). A hydrological model-based study (Laha et al. 2023)
highlighted that the runoff from the glacierised parts of
the catchments is sensitive to temperature changes, but
is insensitive to precipitation changes during summer.
However, the behaviour of the summer runoff from the
non-glacierised parts is exactly the opposite. Khan et al.
(2022) using stable isotopes and water chemistry of the
Bhagirathi River showed that climate change is impacting
significant changes in the water chemistry as is reported
from other river systems. The role of subglacial meltwater
in controlling of the chemistry of the suspended sediments
in the meltwater as well as the sources of the suspended
sediments in a glacial-fed stream were brought out in a
recent study of the meltwater from the Gangotri glacier
(Joshi et al. 2023).

Kulkarni et al. (2021a, b) and Prasad et al. (2019) stud-
ied the impact of climate change on the glaciers of Satluj
and Spiti River basins respectively and have cautioned that
the contribution of glaciers to river basins will reduce as
a consequence of the reduction of glacier mass by the end
of the century. This will also increase the vulnerability of
mountain communities, suggesting a need for better adap-
tation and water management practices. Another study by
Kulkarni et al. (2023) shows that melt runoffs contribute
significantly to Indus flows. The annual contribution from
snow/ice melt in the basin was found to be 51% of the total
runoff based on the model using 27 years of measured dis-
charge data at the Besham Quila station (Fig. 2).

@ Springer

Conclusion

Himalayan Cryosphere is at distress. Recent publications
suggest that ice mass loss rate varies between —0.41 +0.
11 m.w.e.y — 1 in the eastern, —0.58 £ 0.01 m.w.e.y — 1 in
the central, — 0.55 +0.37 m.w.e.y — 1 in the western Hima-
laya and —0.10 £ 0.07 m.w.e.y — 1 in Karakoram region in
the last decade, on regional scale. Melting glaciers have
significant impact on water resources of Himalayan riv-
ers due to change in glacier basin hydrology, downstream
water budget, impact on hydropower plants due to varia-
tion in discharge, flash flood and sedimentation.

They also increase risk related to glacier hazards due to
enhanced number and volume of glacier lakes, accelerated
flash flood and Glacial Lake Outburst Floods (GLOFs),
impact on agro practices in high Himalayan region etc.
There is a need to develop an Early Warning Sysytem,
based on geophysical inputs, weather and geomorphologi-
cal parameters.
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