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Abstract 

Global water cycle and climate are strongly coupled with each other, and with the whole earth system. The cryosphere is the 

part of the water cycle where water is stored as ice. Its main constituents are massive ice sheets in Antarctica and Greenland, 

and mountain glaciers in different parts of the world. Globally glaciers are mostly shrinking due to a warming climate. A 

significant fraction of the glacier cover may be lost by the end of the century, contributing to global sea-level rise and local 

changes in catchment runoff. A major fraction of the global mountain glaciers is in and around the Himalaya. We briefly 

discuss the observed and predicted glacier changes in the Himalaya and their hydrological consequences. Models and 

observations suggest a strong spatial variability of these changes over the Himalayan region. The large existing uncertainties 

in the predicted changes in climate, glaciers, and rivers in the region hinder appropriate water-resource planning needed to 

sustain irrigation, hydropower, and the ecosystem at large. Improved glacio-hydrological models, and an assimilation of 

comprehensive field and remote-sensing data are needed to reduce the uncertainties in the projected changes of river runoff 

from a socio-economic and ecological point-of-view. 

 

Water cycle and the earth system 

The abundant water on the earth’s surface resides in 

reservoirs like oceans, continental ice sheets and mountain 

glaciers, ground water, lakes and rivers, and atmosphere. Each 

of these reservoirs is dynamic and stores water in either liquid 

or solid or vapour phase. Fluxes of water and energy in and 

out of these reservoirs, along with the associated phase 

changes, is a part of the global water cycle. This cycle is 

strongly coupled to the climate at all spatial and temporal 

scales. For example, the relatively fast-flowing water vapour 

in the atmosphere and the liquid water in the ocean transport 

the excess solar energy (~1015 Watts) towards the polar region 

on a planetary scale. The terrestrial snow cover strongly 

reflects off the incident solar radiation and influences the local 

to global scale energy balance and temperature. The state of 

the climate, in turn, determines the water balance of these 

reservoirs and their volume, e.g., about 18000 years ago (Last 

Glacial Maxima) a colder climate led to much larger global ice 

cover and a global sea level that was 100 m lower compared 

to the present level. Due to such strong interactions and 

feedback, a careful modelling of the coupled evolution of 

water cycle and climate is a necessary condition for making 

accurate climate predictions. 

Cryosphere 

The low-temperature reservoirs where water is stored in the 

solid form (e.g., glacial ice, snow, and permafrost) are 

collectively referred to as the cryosphere. At present, glaciers 

and ice sheets store less than a couple of percent of the global 

surface water but remain the biggest reservoirs of freshwater. 

Most of this ice is in the two continental-scale ice-sheets in 

Antarctica and Greenland, whose volume is equivalent to a 

little less than 100 m of sea-level. In comparison, the ice stored 

in all the mountain glaciers, including those in the Himalaya, 

is only ~1 m of sea level. The permafrost regions, and the 

seasonal snow cover on land and sea are the other important 

ice reservoirs.                
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Cryosphere in a warming world 

The industrial revolution caused a climate change that is 

widespread, rapid and intensifying [1]. This climate warming 

(0.8 °C since 1880) has resulted in the loss of the seasonal 

cover, melting of mountain glaciers and ice sheets as well as 

loss of the summer Arctic Sea ice, and has amplified 

permafrost thawing. Altogether, this poses a serious threat to 

the water security for the livelihood and all the Earth’s 

ecosystems. The climate change-cryosphere interactions are 

relatively less understood compared to the climate-ocean 

interactions, the impacts of climate on the large-scale 

precipitation patterns, heat waves, etc. Thus, the evolution of 

the cryosphere under a changing climate needs special 

attention to develop sustainable water and ecosystem 

management plans at regional and global scales. 

Since the early 19th century, efforts have been made to 

understand the glacier wastage in the polar region and in the 

Alps. The satellite revolution around 1960s–1970s made it 

possible to observe the global ice wastage under the changing 

climate. The glacier research in India was started around mid-

1970s, and rapid progress was made over the last two decades. 

However, further efforts are needed to fill the gaps related to 

in-situ data on high-altitude meteorology, glacier mass-

balance processes, and permafrost thawing over the 

Himalayan region [2].            

Physics of glaciers 

What is a glacier?  

A glacier is a perennial body of ice fed by a net accumulation 

of snow in its accumulation zone, where it is too cold for the 

seasonal snow to melt. The accumulated snow gradually 

transforms into ice and flows downslope under gravity. Over 

the lower part of a glacier (ablation zone), generally the net 

energy flux is positive (into the glacier) that allows ice to melt.  

At some altitude, the net accumulation equals the net ablation 

at the end of the hydrological year, and this is called the 

equilibrium line altitude (Figure 1(A)). The meltwater 

generated contributes to the river runoff. Thus, a glacier is a 

non-equilibrium open system, where ice is constantly in flux. 

In a typical mountain glacier, the residence time of ice could 

be centuries, whereas on slow-flowing areas of ice sheets, the 

age of the stored ice could be ~105 years. In fact, such old ice 

and the embedded bubbles are time capsules from the past, 

which have been exploited for paleoclimate studies.         

Figure 1(B) represents an example of a typical mountain 

glacier of Durung Drung (Zanskar Himalaya).  

Ice flow 

Glaciers are characterised by flowing ice, with               

velocities ranging from ~1 m·y–1 in small mountain glaciers, 

to ~1 km·y–1 in outlet glaciers of the Antarctic ice sheet. The 

flow of solid ice is due to two separate processes: (1) Creep of 

polycrystalline ice, where crystal defects weaken the ice and 

allow it to deform irreversibly in response to the applied 

(gravitational) stress, and (2) Sliding of ice, where a stick-slip 

motion at the ice-bedrock contact —facilitated by basal water 

pressure— moves ice down the glacier.   

Creep allows ice to deform and flow as a (nonlinear) viscous 

liquid. For a back-of-the-envelope estimate of the viscosity, 

let us consider a glacier with a thickness of 100 m and surface 

velocity of 10 m·y–1. This implies a shear strain rate of             

~10–1 y-1 or ~10–8 s–1. For a surface slope s = 0.1, the typical 

shear stress is ρgHs ~ 105 Pa. A naive application of the 

Newton’s law of viscosity then indicates that the coefficient 

of viscosity of the glacial ice is ~1013 Pa·s. This value is 1016 

times higher than that of liquid water! In comparison, water is 

only ~102 times more viscous than air. However, ice is not 

really a Newtonian viscous fluid. It is a shear-thinning fluid, 

such that most of the deformation is localised within the 

bottom layers. So much so, that a plastic rheology provides a 

good first-order description of the ice flow dynamics.  

 

Figure 1: (A) A simplified schematic glacier cross-section 

showing the accumulation, ablation areas and the 

Equilibrium Line Altitude where the accumulation equals 

ablation. (B) A field photograph (October 2021) of Durung 

Drung Glacier in Zanskar Range (Ladakh) by Mohd. Farooq 

Azam.          

Climate forcing and the glacier response 

At the annual scale, a competition between the snow 

accumulation and the ablation of ice/snow at the ablation zone, 

decides the net annual balance of a glacier [3]. This net 

balance varies considerably between years due to the 
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interannual variability of the local meteorological conditions. 

A negative (positive) long-term decadal net mass balance 

causes a glacier to shrink (grow). For example, in a relatively 

warmer year, ablation may overtake accumulation, resulting 

in a negative net balance year. If such negative mass-balance 

conditions persist over a long period, the glacier will lose a 

significant fraction of its storage and shrink in terms of both 

its extent and volume. Interestingly, since this leads to a 

smaller ablation area, it brings the glacier closer to a state with 

a steady balance. Due to the presence of such a feedback, a 

glacier can be thought of as a non-equilibrium open system 

that is ‘trying’ to find a steady state corresponding to the 

prevailing climate. However, due to the slow flow of ice, the 

adjustment of the glacier geometry in response to climate 

forcing is a slow process. A simple estimate of the response 

time is obtained by taking the ratio of the divergence of ice-

flux (a few m·y–1) and a typical ice thickness (~100 m), which 

yields a time scale ranging from a few decades to centuries. A 

consequence of such a slow response is that glaciers are hardly 

ever in a steady state and are trying to catch up with the 

variable climate.  

The fact that the size of a glacier is tightly coupled to the state 

of the climate provides a handle on the past climate as well 

[3]. Due to a slow glacier response, the glacier extent responds 

only to the modes of climate variability that are slow 

compared to the response time. The existing historical 

information (e.g., maps, old photos, etc.) about glacier extent 

over the past decades/centuries, and the geomorphological 

markers of the glacier fluctuations over longer time scales 

(~102 to 105 y) have been used to infer the quantitative 

information of the past precipitation and temperature 

conditions. For example, one of the most reliable 

reconstructions of the global mean temperature over the past 

400 years was obtained from the available glacier length 

records using a simple zero-dimensional model of glaciers [4] 

which essentially treat the glaciers as low-pass RC filters.   

Importance of mountain glaciers  

There are about 1.7 × 105 glaciers in high mountain areas 

outside the polar regions, covering an area of about                    

2.5 × 105 km2, and storing an ice volume of 87 ± 15 mm sea-

level equivalent [5]. As discussed before, these mountain 

glaciers act as good climate-change indicators. They affect the 

regional and global climate, and the global sea level. They 

supply water to the rivers, and thus, are critically important for 

local as well as downstream communities by providing water 

for irrigation, hydropower generation, aquatic life, industries, 

household needs, and the ecosystem at large.  

Sea-level rise 

As discussed before, the global glacier extent is out of phase 

with the global climate and the mean sea level. Global 

warming has caused a widespread shrinkage of glaciers and 

ice sheets over the past decades. This loss of land-ice led to a 

steady rise in the global mean sea level at the rate of                  

~3–4 mm·y–1 over the period. This rising sea level is one of 

the major threats associated with climate change, compounded 

by a large population density in the coastal areas all over the 

world. Intriguingly, the recent sea-level contribution from the 

mountain glaciers was comparable to that from the ice sheets, 

despite a much larger volume of ice stored in the ice sheets. 

This is related to the significantly longer response time of the 

ice sheets. Over the coming decades, mountain glaciers will 

continue to remain important contributors to the sea-level rise, 

even as the ice-sheet contributions are going to dominate by 

the end of the century. In fact, theories have been proposed 

where the marine-terminating ice sheets can lose ice at a much 

quicker rate due to certain dynamic instabilities [6]. Such 

possibilities, together with the climate model uncertainties, 

make the predicted sea-level rise by the end of the century 

quite uncertain, ranging from 0.30–1.32 m [7]. Although ~1 m 

of sea-level rise may not appear as threatening to some of us, 

this potentially exposes ~108 people living in the coastal areas 

globally, to increased threats of storm surges, inundation, 

incursion of saline water, etc.        

River runoff 

Glaciers present in a catchment fundamentally control the 

temporal variability and change of catchment runoff. It does 

so by weakening the coupling of precipitation variability with 

that of the runoff on the one hand, and by strongly coupling 

the temperature variability to that of runoff over different 

times scales. This has several interesting consequences. For 

example, a temperature drive diurnal variation of meltwater 

production leads to a corresponding diurnal variability of the 

runoff. A similar temperature control over the seasonal to sub-

seasonal runoff is commonly seen in glacierized catchments. 

Thus, irrespective of the precipitation seasonality, summer 

season will have high flows in an extensively glacierised 

catchment. It has also been established that during the extreme 

summer droughts, glaciers in the catchment buffers the 

catchments against water scarcity [8]. Many of these 

beneficial characteristics of runoff of glacierised catchments 

are changing as glaciers continue to shrink due to global 

warming. Some of these changes include, change in the timing 

and magnitude of peak flow, early onset of high-flow season, 

changes in seasonal water availability, and so on [9]. 

Interestingly, glacier loss leads to a transient multidecadal rise 

in the annual river flows due to excess meltwater contribution 

from the glaciers. However, this signal is often undetectable 

given the background noise from the natural interannual 

variability. Further, the projected river runoffs because of 

continued glacier shrinkage also result in some glacier related 

hazards such as Glacial Lake Outburst Floods (commonly 

known by the acronym GLOF).    

Recent results from the Himalayan glaciers and 

outlook 

Changing glaciers: the present 

The Himalayan region —aptly called The Third Pole— in 

south Asia is one of the most heavily glacierized regions that 

contains  ~40,000  glaciers  with  an  area  of ~42,500 km2 and   
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ice volume of ~3422 km3.  Due to its geographic and climatic 

settings, this glacierized area is among the most vulnerable 

cryospheric systems on Earth under ongoing climate change. 

Climate change caused glaciers’ wastage worldwide including 

the Himalaya, but except for the north-west Karakoram range 

of the Himalaya where glaciers are nearly balanced over the 

last 5–6 decades [2]. The glacier-wide mass balance is often 

estimated by either geodetic methods using satellite data or 

glaciological method using in-situ measurements.   

The geodetic methods often estimate the average mass balance 

at the regional scale over a period of 5–20 years, hence it 

cannot be directly used to read-off the climate change patterns. 

Several assessments of glacier mass changes have been 

obtained using remote sensing methods (ICESat laser 

altimetry, optical satellite, and GRACE data) over post-2000 

period and, despite temporal and spatial differences, revealed 

a contrasted pattern of mass changes along the Himalayan 

region with strong thinning in the western Himalaya and 

insignificant elevation changes in the Karakoram (Figure 2). 

The mean geodetic mass balance for the Himalayan Range 

was estimated to be –0.37 meters in water equivalent per y     

(m w.e. y−1) over 1962–2015, which is nearly the same as the 

global glacier wastage [2]. Conversely, the Karakoram Range 

showed a balanced mass budget with –0.01 m w.e. y−1 between 

1975 and 2010, that was termed as the ‘Karakoram Anomaly’ 

[10]. Some recent studies also indicate an accelerated mass 

wastage of the Himalayan glaciers since 2000, while the 

Karakoram Anomaly is expected to end soon with the ongoing 

climate change [11]. 

Mass balance measurements using glaciological methods refer 

to an assessment of the changes in a glacier mass at seasonal 

or annual scale. The ablation/accumulation point 

measurements are performed at some selected sites on the 

glacier surface during the field expeditions, and then 

extrapolated to unmeasured areas of the glacier to estimate the 

glacier-wide mass balances, which can be used to interpret the 

climate changes if a long series of annual/seasonal observation 

is available. Unfortunately, due to the harsh field conditions, 

such measurements in the Himalaya are available only for 24 

glaciers that cover an area of ~112 km2 (only ~0.5% of the 

total glacierized area). Altogether, these glaciers showed a 

mean mass wastage of –0.59 m w.e. y−1 over                          

1975–2015 which is higher than the satellite-based estimate  

(–0.37 m w.e. y−1) [2]. The difference could be due to glacier 

selection for field-based observations: the selected glaciers are 

often rapid-response-type small glaciers and sometime 

lacking the well-developed accumulation area, and hence 

more negative mass estimates.  

Changing glaciers: the future implications 

The glacier changes have often been estimated either from 

geodetic methods at large scale or from glaciological method 

at glacier-scale (section: Changing glaciers: the present). The 

long-term mass balance changes and the associated river 

runoffs have been simulated using a variety of models from 

the simplified temperature-index to physically-based surface 

energy balance glaciohydrological models. The combined 

results of the models and the in-situ observations suggested 

that snow and ice melt are important but spatially varying 

hydrological component in the Himalayan Rivers, with higher 

meltwater contributions in the Indus Basin than in Ganga and 

Brahmaputra basins, where the hydrology is dominated by 

monsoonal rains. The projected 21st century trends in runoff 

seasonality and increasing frequency and intensity of extreme 

runoff events are consistent from different climate change 

scenarios and are in line with the projected glacier wastage. 

The total river runoff and glacier melt are projected to increase 

at least until 2050, with large uncertainties and some 

exceptions. However, the meltwater contributions showed 

large differences in estimates for the same catchments from 

different studies that highlight discrepancies in the modelling 

framework and assumptions. The projected increase in the 

river runoff will continue to contribute to the sea level rise and 

may also cause hazards such as landslides, debris flow, 

GLOFs, etc. Modelling these processes and their interactions 

with the mountain ecosystems and the rapidly growing 

infrastructure are yet some major research gaps.     

 

Figure 2: The glacier thickness changes over 2000–2018 period for the entire High Mountain Asia [12]. The black outline 

shows the different regions of the Himalayan and Karakoram ranges.
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The past and present of glaciological research in India 

In India, some pioneering measurements of glacier 

fluctuations were performed by the Geological Survey of India 

(GSI) and Survey of India on Gangotri, Siachen, Milam and 

Pindari glaciers using latest maps, field photographs or the 

paintings dating back to the mid-19th century. The Gangotri 

Glacier has the longest fluctuation records with an average 

retreat of 10 m·y−1 between 1842 and 2015. The first field 

glaciological mass balance measurements were performed in 

September 1974 on Gara Glacier in Himachal Pradesh by GSI. 

Gradually, GSI expanded the monitoring on other glaciers in 

in different parts of the Himalaya. GSI performed integrated 

measurements of glacier mass balance and discharge at the 

catchment outlet. During the 1990s and 2000s several 

government organisations and academic institutions also 

started field studies on a few selected glaciers in the Himalaya. 

As of now, the longest glaciological observations are available 

from Chhota Shigri Glacier (Himachal Pradesh) that showed 

a mean wastage of −0.46 m w.e. y−1 for the period 2002–2019 

corresponding to a cumulative wastage of −7.87 m w.e. 

Recently, an integrated approach —including glacier mass 

balance, meteorological and hydrological investigations— has 

been developed on a few glacierized catchments (Chhota 

Shigri, Batal glaciers in Himachal Pradesh, and Chorabari and 

Dokriani glaciers in Uttarakhand) in the Indian Himalaya to 

understand the functioning of glacierized catchments.  

Open challenges 

A rapid progress has been made through satellite observations 

and  model  applications  at  large   scales   to   understand   the 

glacier wastage and river runoffs in the Himalaya, but often 

these studies are not supported by the local-scale in-situ 

investigations of glacier, meteorological, and hydrological 

processes. Further, the in-situ observations are available from 

rapid-response-type small glaciers, the large glaciers having 

longer response time are not yet investigated on ground. A 

recent review by Azam et al. [9] underlines the major research 

challenges in the glaciohydrology of the Himalayan region. 

The major research gaps include accurate representations of 

glacier area/volumes, permafrost thawing, precipitation 

distribution, sublimation, and impacts of debris cover, black 

carbon, dust on melt, and glacier dynamics (Figure 3).  

Right now, glaciologists are working hard in the high-altitude 

Himalayan field sites to address some of these issues by (i) 

installing high-altitude automatic weather stations mainly to 

understand the precipitation and sublimation distributions, (ii) 

starting new mass balance observations on large glaciers, (iii) 

developing observations focusing on debris-cover, black 

carbon impacts on melt processes and, (iv) developing an 

integrated approach at the catchment scale, including mass 

balance, permafrost, hydrological and meteorological 

observations. Indeed, such in-situ measurements are not 

possible from several glaciers, but they are needed at least 

from some reference glacierized catchments spanning 

different climatic regimes to the large-scale modelling efforts. 

Assimilating these comprehensive in-situ observations along 

with remote sensing-based data in models is needed to fill the 

knowledge gaps and reduce the relatively large existing 

uncertainties in glaciohydrological models, hence the 

uncertainties in the future meltwater and river runoff 

projections in the Himalayan region. 

 

Figure 3: A schematic hydrological cycle showing the major research gaps in the glaciohydrology of the Himalayan Rivers 

(inspired by [9]).
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Summary 

Climate has a strong coupling with the global water cycle 

including the cryosphere. The industrial revolution caused a 

widespread, rapid and intensifying climate change that has 

been affecting the cryospheric storages through loss of 

seasonal snow cover, wastage of mountain glaciers, 

permafrost thawing, loss of ice sheets in Antarctica and 

Greenland and Arctic Sea ice. This poses a serious threat to 

the global water security in general for the human population 

and almost all of Earth’s ecosystems, and specifically the 

coastal population through sea-level rise. Mountain glaciers 

play a critical role due to their vicinity to human population, 

for irrigation, hydropower generation, industries, and 

municipal purposes. Due to an intensifying global warming, 

an accelerated global wastage of these glaciers is evident, and 

a significant fraction of the glacial ice mass is projected to be 

lost by the end of the century that will seriously affect the river 

runoffs in glacierized basins. Though most of the terrestrial ice 

is stored in Antarctica and Greenland, equivalent to ~100 m of 

sea level, the mountain glaciers, equivalent to ~1 m of sea 

level, are equally responsible for sea level rise due to their fast 

response to a changing climate. 

The Himalaya contains a major fraction of the global 

mountain glaciers. Satellite-based and limited in-situ 

observations suggest a strong spatial variability of glacier 

wastage over the Himalaya. Except for the near-stable 

Karakoram glaciers, the Himalayan glaciers are wasting their 

mass, with a rapid rate post-2000. Large-scale models 

supported by limited in-situ observations suggest that the 

glacier meltwater is important but spatially varying 

hydrological component in the Himalayan Rivers, with higher 

contributions in the Indus Basin compared to Ganga and 

Brahmaputra basins. The river runoff and the meltwater 

contribution to it, and their seasonality are projected to 

increase in all Himalayan basins at least up to 2050. However, 

the uncertainties are large, and exceptions exist. This highly 

uncertain projected water availability makes it difficult to 

develop adequate water resource policies for irrigation, 

hydropower generation, municipal/industrial use, and water-

induced hazard mitigation in the Himalaya. The high 

uncertainties in the present model outputs are mainly due to a 

lack of accurate representations of glacier area/volumes, 

permafrost thawing, precipitation distribution, sublimation, 

and impacts of debris cover, black carbon, dust on melt, and 

glacier dynamics. Detailed glaciohydrological models, 

assimilating comprehensive in-situ observations and satellite 

data, are needed to reduce the river runoff uncertainties, and 

to understand the impacts of the changing river runoff on 

irrigation, hydropower, municipal uses, sea-level rise etc. 
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