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Dedicated to Late Dr. Arun Kumar Tripathi (1977–2022).

This book stands as a testament to your vision, your passion, 
and your unwavering dedication. You may no longer walk among 
us, but your presence is palpable in every sentence, reminding us 
of your profound impact on our lives and on this world. You 
walked the extra mile to conduct research amongst the Himalayan 
villages where you left an indelible mark on the lives of the 
people. Your perseverance and patience as mentor are deeply 
remembered by the scholars as they try to follow in your footsteps 
to carry forward the unfinished tasks.

Though you are gone, your legacy lives on through these 
pages. May they serve as a beacon of inspiration to all who seek 
knowledge, just as you inspired us with your boundless creativity 
and wisdom. 

In eternal gratitude and remembrance.
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Climate change is a growing field, which has a crucial impact on human lives 
and livelihoods in the last two decades. The incidences of extreme events 
have increased, and there is uncertainty to predict its recurrence beyond the 
scientific investigation. The wrath of the climatic extremities is unbearable by 
the marginalized communities, particularly in the developing countries. This 
book is aimed to provide a comprehensive view of climate changes impact on 
the human lives and livelihoods, and a wider mitigation framework adopted 
through the indigenous knowledge and public policy. The communities have 
a vast amount of knowledge in the form of indigenous practices to mitigate 
the impact of the climatic variability and adaptation strategies through the 
times. The traditional knowledge can provide a breakthrough for the sustain-
able and effective medium of adaptations, particularly for the marginalized 
communities. Nevertheless, very little is known and documented in the writ-
ten and other medium, which can be used by the inheritor into adaptation of 
extreme climatic events and long-term changes.

This book provides a framework on the understanding of climate change 
and its impact on human beings and environment and a policy initiative to 
mitigation. It requires a background knowledge of the subject in a pragmatic 
way to differentiate between the climatic fluctuations and a well-defined 
trend of climate change, which will have a severe impact. Rapid melting of 
glaciers, erratic precipitation pattern, heat and cold waves pose a serious chal-
lenge to survival and sustainability of human beings.

This book is divided into three parts, each covering a unique dimension of 
the climatic adversity with 20 chapters. The first part focusses on assessing 
scientific evidences of climate changes and its variability. The monitoring of 
cryosphere is best way to perceive even small changes in climatic variables. 
The changes in the atmospheric compositions, pattern and variability of pre-
cipitation were some key areas that have been covered in the first part of this 
book. The second part covers the topics of the climate-induced vulnerability: 
approaches towards sustainable livelihood. This part deals with indigenous 
community approaches to mitigate the impacts on the resources and their 
livelihood. Climatic dynamics not only affect the natural resources, it also 
aggravates the environment and increase frequency of natural calamities, pos-
ing severe threats to lives and livelihood sustainability. Some chapters also 
deal with the methods used in preserving rare floral and faunal species in the 
higher Himalayas. The third part of this book is dedicated to adaptation pol-
icy and governance. This part critically presents the public policy framework 

Preface
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that has been implemented to contain the risk of climate change and enhance 
the capacity and resilience of communities. This part also serves as a con-
cluding remark and presents a framework for the holistic approach of climate 
change adaptations.

New Delhi, India� Kaushal Kumar Sharma
New Delhi, India� Sanjeev Sharma
Delhi, India� Vijendra Kumar Pandey
New Delhi, India� Rupendra Singh
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Glaciological Study and Climate 
Change in Indian Perspective

Promila Bhardwaj, Rupendra Singh, 
and Syed Umer Latief

1	� Introduction

The description of glaciers can be traced back to 
the eleventh-century literature of Iceland. It was 
before 500 years that Scheuchzer in 1723 
(Hutter & Gross, 2019) put forward the theory 
of glacier movement, according to which water 
enters the crevasses and freezes, which causes 
the ice to move down the hill. By the mid-1700s, 
gravity was recognized as the cause of motion 
which can be seen in the work of Altman in 
1751 (Singh, 2020). The idea that ice cover had 
been more extensive came first in 1815  in the 
writings of Swiss guide Perraudin and later by a 
Swiss engineer J.  Vinetz 1829 (Singh, 2020) 
who also opined that glaciers had once been 
more extensive than what they were during his 
lifetime. His observations inspired Jean de 
Charpenlier to begin a field study on glaciers. In 
1841 Jean de Charpenlier presented his results 
to the Swiss Naturalist Louis Agassiz (consid-
ered to be the father of glaciology) who devel-

oped the first comprehensive theory of 
glaciations based on the Principle of Uniformi
tarianism. The term ice age was coined by 
Schimper in 1837 (Fairbridge, 1987).

Glacial studies in the Himalayas started in the 
late nineteenth century with the snout measure-
ment of a few glaciers. Geologists and naturalists 
in British India took interest in the glacial theory 
as proposed by Agassiz. As a consequence, many 
papers describing the glacier geology and geo-
morphology were published. The modern scien-
tific study of Himalayan glaciers started in 1810 
when Raper and Webb, went to locate the 
Bhagirathi River Valley, and marked the position 
of the snout of Gangotri Glacier. A glacier was 
discovered in Kumoun Himalayas by Madden in 
1847 which was named Pindari by the explorer. 
Subsequently, the geologists of the Geological 
Survey of India reported various glaciers from 
the Hindukush  – Himalayan region. Blanford 
published his notes and observations on the 
Himalayas during the years 1873, 1877, and 
1891. The other earlier notable studies on 
Himalayan glaciers in the nineteenth century 
were done by Cunninham (1848). The fluctuation 
records of Himalayan and Trans-Himalayan 
Glaciers date back to about 200 years. The move-
ment of the glacier termini of Chong Kumdan 
was studied in 1812 (Vigne, 1842; Ullah, 1843). 
The fluctuation of 34 glaciers of Trans-Himalayas 
was documented by Mason (1930) using histori-
cal records, notes, and photographs. Out of these 
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34 glaciers, the records of 21 glaciers were sum-
marized by him and noted that distinguishable 
variations were displayed in their fluctuations in 
several records. Their study also indicated that 
during the period from 1900 to 1910, most of the 
glaciers, for which records were available, 
showed advancement, whereas during the period 
from 1910 to 1920 the majority were retreating. 
Tewari (1971), while studying the Himalayan 
and Trans-Himalayan glaciers tabulated the fluc-
tuation records of 17 glaciers and concluded that 
glaciers in the Himalayas were retreating in gen-
eral, while in Trans-Himalayas some glaciers 
showed unexplained cyclic fluctuations.

The earliest record in 1780 AD, observations 
of glaciers in the Himalayas documented signifi-
cant events, such as floods caused by the Kumdan 
glaciers in Ladakh’s upper Shyok valley. The 
mid-nineteenth century saw the publication of 
sketches of glacier fronts, including the Rimo 
glacier, Kumdan Glaciers, and Sonamarg Glacier 
in Jammu-Kashmir. Additionally, a photograph 
of the Gangotri Glacier’s snout, known as ‘Cow’s 
mouth’ (Gaumukh), was featured. The Geological 
Survey of India recorded a detailed report on the 
Machoi Glacier in Jammu and Kashmir in 1895, 
marking one of the earliest publications on Indian 
glaciers. Over the past 150 years, glacier studies 
in the Himalayas have evolved from simple front 
monitoring to more comprehensive and advanced 
approaches, reflecting a holistic understanding of 
these natural phenomena for the glaciological 
studies, and the Indian Government is supporting 
through the research grants.

2	� Latest Technology 
in Glaciological Studies

The remote sensing technique has found well-
established applications in glacier studies, par-
ticularly in glacier mapping, as extensively 
discussed by Della Ventura et  al. in 1987. One 
effective method involves creating a false colour 
composite (FCC) from three bands in the visible 
and near-infrared regions. This approach has 
proven successful in mapping various glacier fea-
tures, including glacier boundaries, snow/equi-

librium lines, accumulation, and ablation areas, 
as detailed by Ostrem in 1975. The ability to map 
these areas on satellite images is facilitated by the 
substantial differences in spectral reflectance 
between glacier and non-glacier regions. Spectral 
reflectance values obtained from both field and 
satellite observations indicate that the accumula-
tion area, covered by a snowpack, exhibits high 
reflectance in bands 2, 3, and 4  in Landsat-
Thematic Mapper (TM) and Indian Remote 
Sensing Satellite (IRS), resulting in a white 
appearance in the FCC. Conversely, in the abla-
tion area where ice is exposed on the surface, 
reflectance in bands 2 and 3 is higher than non-
glacial features but lower than vegetation in band 
4. This distinction imparts a blue-green tone to 
the FCC, as highlighted by studies such as Hall 
et  al. in 1988 and Dozier in 1984. The unique 
spectral characteristics observed in these differ-
ent areas make it feasible to effectively differenti-
ate between glacial and non-glacial features 
using remote sensing techniques.

The studies mentioned provide valuable 
insights into glacier dynamics and the impact of 
climate change on glacier systems:

Wangensteen et al. (2005) demonstrated the calcu-
lation of “glacier velocities” on Svalbard using 
Digital Elevation Models (DEMs) and height-
differentiated tandem Interferometric Synthetic 
Aperture Radar (InSAR) data. Their approach 
involved the utilization of modules within 
ESRI’s ArcGIS software. They developed a 
semi-automatic algorithm to calculate glacier 
velocities in the flow direction, resulting in 
maps that illustrate the velocity fields for the 
glaciers. Khalsa et  al. (2004) investigated 
space-based observations of glacier parameters 
in conjunction with historical glaciological data 
to predict changes in ice extent and volume for 
the Ak-Shirak Range in the interior Tien Shan 
of Central Asia. They employed ASTER data 
and traditional glaciological measurements to 
estimate the response of glacier systems to 
changes in climate, particularly expressed in 
the equilibrium line altitude.

Kaser et al. (2004) introduced a novel concept for 
studying the retreat of Kilimanjaro’s glaciers 
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based on the physical understanding of 
glacier-climate interactions. They proposed 
that a significant drop in humidity at the end of 
the nineteenth century, leading to a less humid 
atmosphere, could be a probable factor con-
tributing to the glacial retreat on Kilimanjaro.

Paul (2002) conducted an analysis of the trend in 
area change for 235 glaciers in Tyrol, Austria, 
between 1969, 1985, and 1992. Utilizing 
Landsat Thematic Mapper (TM) imagery and 
data from the Austrian glacier inventory, he 
observed a significant shrinkage of glaciers 
with areas less than 1  km2, amounting to 
approximately −35% during the period 1969–
1992. The total glacial area loss was about 
43  km2, representing approximately −18.6% 
of the total area (230.5 km2). Notably, smaller 
glaciers (less than 1 km2) contributed 59% to 
the overall loss in glacial area.

These studies collectively contribute to our 
understanding of glacier dynamics, climate 
change impacts on glaciers, and the importance 
of combining traditional glaciological methods 
with advanced remote sensing technologies.

Carrara and Rampini (2002) described a sys-
tematic study of thematic maps for change detec-
tion in glacier dynamic studies. Schaper and 
Seidel (2000) presented runoff simulations 
(SRM + G model) for snow and ice melt with the 
help of multispectral remote sensing data. He also 
presented climate change simulations for the sce-
narios 2030 and 2100. Oerlemans et  al. (1998) 
developed dynamic ice flow models using various 
climate change scenarios. He didn’t find any good 
relationship with the glacier size and fractional 
volume change under any climatic scenarios.

Application of satellite optical remote sensing 
in the mapping of snow and ice surface on the 
earth has recently been attempted by numerous 
workers. The striking contrast of snow and ice 
with surrounding features enables their study in 
the visible spectrum. Operational testing of the 
data for snowmelt run-off predictions has been 
made by Ostrem. Ødegard et al. (1980) in their 
studies in Norway have used the digital analysis 
of multispectral Landsat data for inference of 
snow water equivalent information. The glacier 

inventory data thus derived from optical remote 
sensing has been used for stream flow run-off 
modelling, and a number of runoff models have 
been developed to assess stream flow runoff for 
the river basin based on meteorological parame-
ter and snow cover characteristics. Similarly the 
glacier inventory data from the Himalayan region 
has been used to estimate the number of glaciers 
and corresponding ice volumes (Bolch et  al., 
2012).

Radar interferometry has been used for glacial 
studies. Glacial topography and movement have 
been estimated using SIR-C and ERS-1 data 
(Goldstein & Healy, 1995). In addition, Digital 
Elevation Modal derived from SPOT stereo 
imagery has been utilized in conjunction with 
geological, meteorological, and hydrological 
data to identify suitable sites for hydro-electric 
power generation. Remote sensing methods in 
conjunction with GIS have been used for estima-
tion of glacial mass balance (Bindschadler, 
1998). This is also useful to estimate the contri-
bution of glacial melt into the sea-level rise.

The frequent obscuration of snow-covered 
areas by clouds hinders the optical remote sens-
ing experiments, and hence, microwave remote 
sensing data has been used because it’s all-
weather day and night data acquiring capability. 
Chang et  al. (1976) have reported promising 
attempts to calculate snow and water equivalent 
and depth.

3	� Glacier Inventory

Water, as a crucial component of life, led to the 
initiation of guidelines for completing glacier 
inventory data by the International Commission 
on Snow and Ice (ICSI) in 1970. The United 
Nations Educational, Scientific and Cultural 
Organization (UNESCO), the International 
Association of Hydrological Sciences (IAHS), 
and the International Union of Geodesy and 
Geophysics (IUGG) collaborated in this effort, 
establishing the Temporary Technical Secretariat 
(TTS) at the Swiss Federal Institute of Technology 
(ETH) in Zurich. The World Glacier Inventory, 
registering all perennial snow and ice masses, 
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was executed under this program. The TTS 
Computer system recorded various glacier 
parameters related to identification, areal extent, 
and elevation. The World Glacier Inventory’s 
comprehensive status in 1988 was published in 
1989, but it lacked detailed glaciological infor-
mation according to the World Glacier Monitoring 
Service (WGMS, 1989). Subsequently, signifi-
cant changes occurred to standardize the prepara-
tion of the glacial inventory following WGMS 
guidelines, as indicated by Barry in 2006 and 
Kaser et al. in 2006. Recognizing the need for an 
updated global glacier database, the strategy of 
the Global Terrestrial Network for Glaciers 
(GTN-G) emphasized this urgency (Haeberli 
et al., 2007). The United Nations Environmental 
Program, Regional Resource Centre for Asia and 
the Pacific (UNEP/RRC-AP), in collaboration 
with Mountain Environment Regional 
Information Systems (MENRIS) of the 
International Centre for Integrated Mountain 
Development (ICIMOD), further reinforced 
efforts to create a comprehensive inventory and 
GIS database of glaciers and glacial lakes in 
Nepal and Bhutan. Detailed glacier parameters, 
including area, length, elevation, hypsography, 
and ice volume, are particularly needed for gla-
cierized regions in the Himalayas, Arctic, and 
Patagonia. These regions are currently lacking 
from global mass balance records, with only pre-
liminary data available (Braithwaite & Raper, 
2002; Dyurgerov & Meier, 2000). Glacier inven-
tory in India is being conducted by Geological 
Survey of India under the guidelines given by 
TTS (Vohra,  1980). This inventory was con-
ducted using Survey of India, topographical maps 
in conjunction with limited ground truth and aer-
ial photographs. This has suggested approxi-
mately 5000 glaciers in India (Vohra, 1980). 
However, many limitations of this technique can 
reduce the usefulness of the updated glacier 
inventory data of GSI which indicates that there 
are 9875 glaciers in the Himalaya, and updated 
glacier inventory of the Chenab basin prepared 
by SAC would be of immense help in the present 
investigation.

Department of Space, Govt. of India, has also 
undertaken a program to study glaciers through a 

project to map glaciers in the Indian Himalaya by 
using remote sensing techniques. In this project, 
remote sensing technique has been successfully 
used for glacier mapping on 1:250,000 scale in 
the Indian Himalaya. A total of 39 maps showing 
various glacier features such as glacier boundary, 
ice divide, snow/equilibrium line, ablation area, 
accumulation area, and glacier dammed lakes 
were prepared. It covers the entire Indian 
Himalaya between Jammu-Kashmir and 
Arunachal Pradesh. The glaciers were numbered 
by using a method suggested by UNESCO-TTS 
and their areal extent estimated using an elec-
tronic planimeter. The total number of the glacier 
of size greater than 0.56  km2 mapped in the 
Indian Himalaya is 1702 having an areal extent 
of about 23,315 km2. (Kulkarni & Buch, 1991). 
The volumes of individual glaciers were esti-
mated by using Muller’s method and compiled 
for major river basins (Müller et al., 1977). The 
total volume was estimated to be approximately 
2337 km3 and snow water equivalent of glacier 
ice as 2033 km3.

Glacier inventory carried out in the Chenab 
basin by GSI shows that there are 989 glaciers 
covering an area of 2280 km2, which is 7.97% of 
the total Chenab basin area. The recent study car-
ried out by Space Applications Centre, 
Ahmadabad, in collaboration with H.P. Remote 
Sensing Centre, Shimla, using Remote Sensing 
satellite data suggests that presence of 454 gla-
ciers in Chenab (5Q 212) basin covering as a gla-
ciated area of 1174.5km2 distributed in 55 
sub-basin of the estimated stored water budget of 
93.03 km3. Most of the glaciers in the mountain-
ous region such as the Himalaya have receded 
substantially during last centuries due to global 
warming (Kulkarni et al., 2002, 2005, 2006).

The information generated in the glacier 
inventory project is being used successfully for 
the estimation of water availability based on the 
potential of snow and glaciated streams in the 
Himalaya. This, in turn, helps the hydropower 
stations manage their production and plan for the 
new hydropower installations. Space Applications 
Centre has also carried out a detailed inventory of 
the Himalayan glaciers covering Indus, Ganga, 
and Brahmaputra basin on 1:50,000 scale, 
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monitored the retreat/advance of glaciers over a 
period of 2004–2008 and studied the mass bal-
ance of glaciers distributed all over Himalaya. 
Snow Cover Mapping using NDSI Algorithm in 
10 days duration in the entire Himalaya was 
another important objective of the study and con-
cluded that there are 32,392 glaciers in the Indus, 
Ganga, and Brahmaputra basins feeding into 
India. Based on the temperature data analysis of 
upper Indus basin for seasonal and annual trends 
over the period 1961–2000, a fall of 1  °C  has 
been observed  in mean summer temperature 
since 1961 and a decrease of 20% in summer run-
off in the rivers Hunza and Shyok (Fowler & 
Archer, 2006). The observed trend in summer 
temperature and runoff is consistent with the 
observed thickening and surging of few glaciers 
in the Karakoram while there are a widespread 
decay and retreat of glaciers in the eastern 
Himalaya.

4	� Geomorphological Mapping

The geomorphological sketches of the fore-field 
of glaciers in Indian Himalaya were started by 
Geological Survey of India (records of the 
Geological Survey of India, 1907). Sketches of 
snouts were prepared and cairns were made to 
analyse the retreat in snout position of glaciers.

In the year of 1906 (August-September), a pri-
mary survey of main glaciers, located in the 
Kumaon, Lahaul, and Kashmir Himalaya, was 
initiated by the Geological Survey of India. 
Twelve glaciers were examined and photo-
graphed. Plane-table sketches were drawn, 
depicting the exact position of the ice caves with 
reference to fixed points in the valleys and to the 
prominent and nearby peaks. The glaciers moni-
tored at that time are discussed below.

Kashmir Himalaya: The Barche and Hinarche 
Glaciers of Bagrot valley, the Minapin, 
Hispar and Yengutsa Glaciers of Nagir state, 
and The Hassanabad glacier of Hunza valley 
were surveyed and investigated by Mr. 
H.H. Hayden.

Lahaul Himalaya: The Bara Shigri and Sonapani 
Glaciers were mapped and investigated by 
Messrs. H. Walker and E.H. Pascoe.

Kumaon Himalaya: The Pindari, Milam, 
Shunkulpa, and Poting Glaciers were mapped 
and examined by Messrs. G.deP.  Cotter and 
J.C. Brown.

This was found that glaciers of the Hunza val-
ley and the Karakoram Range are normally 
located at lower altitudes as compared to those in 
Lahaul and Kumaon regions. It was also reported 
that old moraines (sometimes covered with 
grasses) at lower altitudes in the valleys were 
taken as a proxy to retreating of glaciers. The val-
leys downstream of the snouts are generally cov-
ered by moraines and talus from the hills. 
Furthermore, below the snout of the Sonapani 
Glaciers, there was a large and dry lake-basin 
(length ~ 2.4 km and width ~ 1.6 km) that was 
desiccated due to breach in the terminal moraine 
(records of the Geological Survey of India, 1907).

The new trends in sketching of snouts and 
other geomorphic features were introduced by 
Auden (1937). He used a plane table and pris-
matic compass for detailed mapping of the geo-
morphic features near the Gangotri snout at 
1:9600 scale. Srikantia and Padhi (1964) used 
theodolite to map the geomorphic features 
(1:3000 scale) and prepared contours lines to 
estimate ELA of Bara Shigri Glacier (Himachal 
Pradesh). For the first time, Owen et al. (1996) 
used global positioning system (GPS) in the geo-
morphological mapping of glaciers (1:10,000 
and 1:1000 scales) in Lahul Himalaya. The 
modern-day mapping trend in the geomorphic 
mapping of glaciers in Himalaya has been started 
by Dortch et al. (2010). They prepared topogra-
phy (base) map using ASTER and SRTM DEMs 
and updated geomorphic features on this base 
map through detailed field works in Nubra and 
Syok confluence area at 15  m resolution. The 
combined effort of GSI-ISRO (GSI and NRSC) 
prepared geomorphological map of India at 
1:50000 scale using LISS-III satellite images 
through visual interpretation, but only the second 
level classification of geomorphic units is freely 
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available through Bhuvan, Indian Geospatial 
platform of IRSO (GSI and NRSC 2012). Since 
the resolution of the LISS-III image is 23.5  m, 
many glacial features cannot be mapped with 
ease if their extent is less than the spatial resolu-
tion of LISS-III. Furthermore, Saha et al. (2016) 
used high-resolution Cartosat DEM (2.5 m spa-
tial resolution) along with Google Earth and IRS-
LISS-III images to map geomorphic features of 
Chandra Tal and upper Spiti valley of Himachal 
Pradesh. The detailed glacio-geomorphic maps 
have been prepared to show the stages of glacia-
tions in Himalaya with the help of relative (num-
ber of vascular plant species, plant cover, and 
number of lichen species and their diameter, 
boulder varnish and strength) and absolute dating 
techniques such as optically stimulated lumi-
nance (OSL) and cosmogenic radio nuclide 
(CRN) that were applied on sediments of lateral 
and end moraines (e.g. Owen et  al., 1996; Bali 
et al., 2013; Ali & Juyal, 2013). Some of the stud-
ies on glacio-geomorphic mapping in Himalaya 
are as follows. In 1937 Auden studied Gangotri 
glacier using plane table and prismatic compass 
survey  methods  and mapped Gangotri Glacier 
snout, moraines, sand flats, gully talus, Bhagirathi 
River, moraine hillock, and boulders; in 1956 
Jangpangi (1958) and his team from Geological 
survey of India (GSI) mapped old (grass covered) 
moraines, freshly exposed lateral moraines, pal-
aeo channel, active channel, sandy flats, end 
moraine, snout, and gully talus for Gangotri, 
Satopanth, Bhagirathi Kharak, and Arwa Valley 
Glaciers; in 1971 – again GSI team mapped freshly 
exposed lateral moraines, Old bank of Bhagirathi 
River, Talus cones, and snout positions of the 
year for Gangotri Glacier; in 1957 Dutta and 
Ahmed  studied  Bara Shigri glacier; in 1964 
Srikantia and Padhi  – surveyed and 
mapped  medial and lateral moraines, ice caves 
and snout, and channel bars of Shigri river, trans-
verse, longitudinal, and marginal crevasses, ice 
cave and snout, and equilibrium line at an altitude 
of 4267  m. retreat in snout position was also 
reported; in 1996 and 1998 Owen and Sharma in 
Upper Bhagirathi, Upper Kedar Ganga, 
Rudugaira, Kalapani, Sian, Lamkhaga, and Jaonli 
valleys (Owen and Sharma, 1998), mapping and 

reconstruction of the geomorphological features 
Lateral Moraines, paraglacial fans, Hanging 
Glaciers, Glacial stages, Lateral terraces, 
Unsorted stone stripes, exposed bedrock, hum-
mocky landforms, gradient in degrees, 
Glaciofluvial Outwash Plain and Ablation valley, 
Debris flow, Palaeo channels, Flutes, Terminal 
Moraines, and Tabular Ground; in 1995 and 1996 
Lewis Owen in Upper and Lower Kulti valley, 
Milang valley, Mulkila valley, Upper Chandra Tal 
valley, Batal glaciers of Lahul Himalaya, 
Northern India, mapped streams, concave break 
in slopes, cliffs, well-defined Moraine ridges, 
edge of degraded moraine ridges, paleochannels, 
debris flow channels, debris flow/solifluction 
lobes, scree, paraglacial fans, river terraces, 
Floodplains, Bedrocks, snow and ice avalanches, 
spot height (in m), slope angle, glacial eroded 
surfaces, delta striations, Supraglacial debris, 
Glaciofluvial outwash  plains, Glaciolacustrine 
sediments, and landslide; and in 1974 Ahmad and 
Hashimi mapped  lake, cirque, hanging valleys, 
waterfalls, subglacial, and end moraines  of 
Kolahoi glacier which extended up to Pahalgam 
town in Liddar valley.

The applications of unmanned aerial vehicle 
(UAV), Terrestrial Light Detection and Ranging 
(TLiDAR), and Light Detection and Ranging 
(LiDAR) are new techniques available for geo-
morphic and topography surveys in the inacces-
sible areas at a very high resolution, but these 
techniques are not in use to map the Himalayan 
glaciers located in Indian territory due to security 
restrictions (Damm, 2006).

5	� Climate Glacier Relationship 
Studies

The study of the climate-glacier relation is rela-
tively young. About 60 years ago the scientists of 
Scandinavian school applied micrometeorology 
to the study of glacier surface when the first theo-
ries of ice flow were tested. The development of 
glacial meteorology has been reviewed by 
Hoinkes (1968, 1970) and a comprehensive list 
of energy and mass budget studies up to 1966 
compiled by Paterson (1994) and Meier (1965). 

P. Bhardwaj et al.



9

They summarized the chain of processes that 
combined the climatic and the dynamic responses 
of morphological evidence of past variations.

Climate change influence is evidently reflected 
in changing mass and volume of glaciers. Because 
of this interrelationship, the snow and glacial mea-
surements are the key parameters for understand-
ing the climate system (Haeberli et al., 1988). The 
snow and glacial changes with the changing cli-
mate is one of the visible signals of global warm-
ing and being used as a proxy in climate change 
studies (Haeberli et  al., 1988). There are wide-
spread consequences of mountain glacier reces-
sion during the last century. According to Meier 
et al. (2007), 15–20% of the current rise in ecstatic 
sea level is because of the enhanced glacier melt-
ing on the globe. It also plays a significant role in 
terms of the amount of runoff and its timing that, 
in turn, affects water resources for agriculture con-
sumption and hydropower. It also has a huge 
impact on tourism and the disappearing of the gla-
ciers will, in turn, affect the economy of alpine 
countries/regions (Barry, 2006).

The Trans-Himalayan glaciers are the centre 
of attraction since the middle of nineteenth cen-
tury. Looking into the importance of glaciers, 
there are many glaciological studies in place 
and getting supported by national and interna-
tional funding agencies. The different types of 
glaciers were analysed in Himalayan and Trans-
Himalayan glaciers since 1812 by Mayewski 
and Jeschke (1979), and they concluded that the 
fluctuation histories vary among different types 
of glaciers, and since approximately 1850, lon-
gitudinal glaciers have generally been in a state 
of retreat. However, between 1900 and 1930, 
advancement or standstill condition of glaciers 
was dominant. On the other hand, transverse 
glaciers, in general, retreated from 1850 to 
1870, while combined advance and stand still 
dominated from 1870–1910 and 1920–1930. 
They also suggested that the complex records 
displayed by transverse glaciers, in general, 
may be due to shorter in size, perpendicular 
flow to the incoming atmospheric circulation 
pattern and having a very sheer slope. They also 
concluded that there is also a difference in fluc-
tuation records of Himalayan and Trans-

Himalayan glaciers. They found that most of the 
glaciers of the Himalayas, in general, are in the 
state of retreat since 1850 and those of Trans-
Himalayan glaciers (southern side of 
Karakoram) were either advancing or retreating 
from 1850 to 1880. They reflected nearly equiv-
alent influences of retreat and standstill from 
1880 to 1940, and however, advance regime 
from 1880 to 1940 has been reported again in 
the state of retreat since 1940. Same conclu-
sions were derived by Tewari (1971) in his 
report on Himalayan Glaciers.

But in 2010 Government of India took it as its 
mission, and National Mission for Sustaining the 
Himalayan Eco-System under National Action 
Plan on Climate Change took place because main 
resources of snow and its glaciers exist in 
Himalayas and it is the biggest source of mineral 
and clean water for the incessant rivers like the 
Ganga, the Indus, and the Brahmaputra. The core 
objective of the mission was to cultivate a con-
tinuous assessment on health status of the 
Himalayan Ecosystem. This assessment helps the 
policy makers and the States in drafting policies 
and their implementation for sustainable devel-
opment in the Indian Himalayan Region. The 
mission also observed that scientific valuation of 
susceptibility of the Himalayan eco system 
changes in the weather and climate effects in all 
its dimensions of physical, biological, and social-
cultural aspects (Government of India, NMSHE 
Mission Document, 2010). Government of India 
launched a budget outlay of ₹550 crores in 2010 
which increased to ₹9,52,60,980 in 2021.

Government of India has not only realized the 
effect of climate change on declining of glaciers 
but the World realized the melting of glaciers. 
Figure 1 clearly shows that due to snowballing, 
change in mass balance of a set of “reference gla-
ciers” has started  worldwide in 1956. The blue 
line in the first part of the given Fig. 1 denotes the 
average of all McCall Glaciers, Alaska. Net loss 
of snow and ice is compared with the base year, 
that is, 1956, and it is shown by negative values. 
The average thickness of a glacier is measured in 
meters of water equivalent. Second part of the 
Fig. 1 demonstrates the number of glaciers mea-
sured every year.
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Fig. 1  Average cumulative mass balance of “Reference” 
Glaciers Worldwide, 1956–2019. (Data source: WGMS 
(World Glacier Monitoring Service) (2020). For more 

information, visit U.S. EPA’s “Climate Change Indicators 
in the United States” at www.epa.gov/climate-indicators)

Now, every year a Climate Change 
Performance Index (CCPI) is maintained. The 
CCPI is a ranking system designed by German 
watch (the German Environmental and 
Development Organisation). CCPI compares 
the climate protection performance of 60 coun-
tries with European Union which are jointly 
responsible for more than 92% of Green House 
Gas emissions (Rachel, 2022). India is at eighth 
position in CCPI in 2023 with a score of 67.35%, 
whereas Denmark is at the fourth position with 
79.61% and scored the highest because first 
three positions remain vacant. India scores best 
among the G20 countries in CCPI 2023 because 
India is continuously working regarding climate 
change which improves its score from tenth 
position in CCPI 2022 to eighth position in 
CCPI 2023.
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1	� Introduction

The Himalayan glaciers serve as natural reser-
voirs, accumulating snow and ice during the win-
ter and melting during the warmer months, 
thereby feeding rivers and providing a continu-
ous supply of water to the downstream popula-
tion (Kumar et  al., 2018a, b; Immerzeel et  al., 
2020; Kumar et al., 2022a, b). Water plays a vital 
role in the ecosystems, agriculture, hydropower 
generation, and drinking water supply for moun-
tain and downstream populations (Singh et  al., 
2016; Kumar et al., 2016). The Indian Himalayan 
Region is home to diverse ecosystems, including 
forests, alpine meadows, wetlands, and glaciers, 
which provide numerous ecosystem ser-
vices (Kumar et al., 2023). These services include 
the provision of freshwater, regulation of climate, 

support for agriculture, habitat for biodiversity, 
and cultural and recreational values. In mountain 
glacier regions, the residents encounter potential 
contamination risks due to the glaciation pro-
cesses and the high necessity of meltwater as a 
valuable resource (Singh et al., 2018a; Biemans 
et  al., 2019; Rowan et  al., 2021; Kumar et  al., 
2021; Singh et  al., 2022). However, the rapid 
population growth, increased water demand, and 
the impacts of climate change create a com-
pounding effect on water scarcity. This challenge 
poses significant implications for sustainable 
development, food security, ecosystems, and 
human well-being (Blunden et al., 2020). Climate 
change is one of the foremost global challenges 
we face today. It poses a threat to the natural 
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environment and human societies around the 
world, including India. As one of the countries 
highly susceptible to changing climate, India has 
already witnessed the tangible impacts of this 
global phenomenon on its environment, agricul-
tural sector, and water resources. The region’s 
ecosystems and the communities that rely on 
them face significant challenges from rising tem-
peratures, shifting precipitation patterns, and 
melting glaciers. Changes in temperature and 
precipitation can impact water availability, alter 
water quality, and increase the risk of natural haz-
ards (Moomaw et  al., 2020). Climate change 
affects different facets of the water cycle, influ-
encing aspects like rainfall patterns, evapotrans-
piration rates, and extreme weather events. These 
changes have significant implications for the 
availability and distribution of water resources 
and quality.

Furthermore, climate change impacts water 
quality due to rising temperatures, which can 
increase water temperatures, and changes in rain-
fall patterns can also affect water quality (Eekhout 
& de Vente, 2022). Intense rainfall events can 
lead to the runoff of pollutants from the land, 
such as sediments, nutrients, and chemicals, into 
rivers and lakes, degrading water quality (Ryberg 
& Chanat, 2022). Nonetheless, there is typically 
a notable increase in runoff and the amount of 
newly pulverised rock dust within glaciated 
catchments at higher altitudes. This can be attrib-
uted to the rapid flow of water over finely tex-
tured surfaces composed of recently crushed and 
reactive minerals. This phenomenon leads to the 
optimisation of chemical erosion and weathering 
rates. Consequently, glaciers demonstrate a 
heightened capacity to efficiently enhance the 
solubilisation of trace-reactive and chemical con-
stituents in bedrock, including sulphides and car-
bonates, into the glacier meltwater (Tranter, 
2003). Moreover, the chemical concentration in 
the glacial meltwater of this region remains unaf-
fected by the limited organic matter content in 
the underdeveloped soil (Binda et  al., 2020). 
Mountain regions do not act as direct sources of 
elements. The introduction of anthropogenic 
sources to this region can be attributed to atmo-
spheric contributions and long-distance transport 
(Shah et al., 2012).

Despite being a crucial freshwater resource, 
the Himalayan region lacks comprehensive 
research data on geochemical properties (Kumar 
et  al., 2018a, b, Kumar N et  al.,  2019, Kumar 
R et al., 2019). Thus, quantifying the impact of 
climate change and human activities on water 
quality is significant for achieving global long-
term and complex water quality safety goals 
(UN, 2018). The escalating climate variability is 
also responsible for changing water quality and 
needs long-term strategies to safeguard environ-
mental services and public health. The signifi-
cance of the Himalayan water resources in 
quantity and quality has been crucial for the 
economy, human health, and biodiversity conser-
vation (Khanday et al., 2021). Addressing varia-
tions in water quality concerning climate change 
poses more significant challenges than managing 
changes in water quantity for three primary rea-
sons. Firstly, data are scarce on water quality, 
chemical concentrations, and chemical fluxes, 
with shorter time series and a higher number of 
parameters when compared to conventional 
hydrologic measurements of flux and storage. 
Secondly, our understanding of the intricate feed-
back mechanisms between climatic variability 
and water quality remains limited, in contrast to 
the better-established understanding of feedback 
between climate and hydrology through global 
and regional hydrologic modelling. Thirdly, dis-
entangling the overlapping consequences of cli-
matic variabilities on water quality due to 
anthropogenic activities presents a significant 
challenge, making it arduous to discern the actual 
impact of climate change alone. 

To address the existing research gap, this study 
aims to enhance our understanding of the conse-
quences of climatic variabilities on water quality. 
We primarily emphasise reviewing peer-reviewed 
literature to identify the impact of climate change 
on glacier meltwater quality. This research pro-
vides a perspective on these impacts by examin-
ing observed and projected changes in glacier 
meltwater quality across various regions of the 
Himalayan glacier. Initially, a concise review is 
presented on the effects of extreme climatic events 
on water quality. Subsequently, detailed illustra-
tions are provided regarding changes in the water 
quality of different glaciers in response to long-
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