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Abstract: The Himalaya mountain system is an extremely important region which has significant cryospheric
importance and is a major freshwater source for South Asia. The seasonal snow cover and glaciers in the Himalayas
play a major role in the hydrological cycle within the Indus and Ganga basin supporting domestic demands, irrigation,
agriculture and ecosystem. Glacier mass loss has recently become greater due to rising temperatures, changing
precipitation pattern, black-carbon deposition and anthropogenic pressures in recent decades. This study looks at the
geographical consequences of the retreat of the Himalayan glaciers in terms of water security and agricultural
activities in the Indus and Ganga basins. The study is based on secondary data obtained from scientific literature,
satellite observations, hydrological studies, government reports, and climate assessments, which are used to analyse
changes of glacier-fed runoff, seasonal water availability and agricultural vulnerability. The results suggest that in the
short term, the accelerated glacier melt may lead to an increase in runoff in certain catchments, but may lead to less
water being available in the dry season in the long term, due to reduced glacier storage. The study highlights on
integrated water management, efficient irrigation use, climate-proof agriculture, better glacier monitoring and
transboundary cooperation.
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L. INTRODUCTION

The Himalayas is one of the world's most important mountain and cryospheric systems that span multiple countries in
South and Central Asia. The region has thousands of glaciers and large seasonal snow depoots which help to store
freshwater and play a key role in regulating the hydrological systems of major rivers such as Indus, Ganga and
Brahmaputra. These water sources are vital for various purposes in South Asia, including domestic, irrigation,
agricultural, hydropower, environmental, and industrial uses.

The Indus and Ganga basins are significant due to their considerable agricultural lands and dense rural populations.
They are dependent on monsoon rains, groundwater, snow melt and glacier-fed streams for their water sources. Hence,
the variations in the glaciers of the Himalayas have great downstream impacts on water availability and agricultural
sustainability.

Himalayan glacier dynamics have been increasingly affected by the climate change with the rise of temperature,
changes in precipitation patterns and snowfall, and increasing surface melting. While the melting of glaciers could lead
to an increase in river flow due to glacial melt in some catchments in the short term, further glacier mass loss can
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eventually lead to a decrease in the ability of glaciers to supply water in dry seasons. This raises significant long-term
water security issues, especially in agricultural areas where water is used for irrigation.

The impacts of glacier recession vary across space, climate, glacier size and shape, hydrology, groundwater resources,
and farming activity. Hence, this paper investigates the geographical consequences of the swift melting of Himalayan
Glaciated Regions with special focus on water security and agriculture sustainability in the Indus and Ganga river
basins.

II. REVIEW OF LITERATURE
Bolch et al (2021) analyzed the long-term variations of glaciers in the Himalayas and estimated that the glacier mass
loss has increased significantly in recent times. They found that glacier retreat was significantly regionalized,
depending on climate, topography, debris cover, and proglacial lakes. The authors pointed out that the fast ice loss has
important implications for future availability of fresh water and downstream hydrological systems'.
Pritchard (2019) showed that snow melt and glacier melt water are significant drivers of agriculture in the Indo-
Gangetic Plain especially during a period of low rainfall. It revealed spatial variation in this dependency and found it to
be quite high in the Indus Basin where the melt water from the mountain is a significant source of irrigation water
before the onset of monsoon rains. The results suggest that the alteration of storage of the Himalayan cryosphere may
have direct effects on water security for agriculturez.
Prakash (2023) examined the linkage between the melting of the Himalayan glaciers and the alteration of the surface-
water and groundwater system. Glacier recession can have significant impacts on the timing and predictability of water
availability downstream and the study highlighted a number of uncertainties in groundwater responses. It also pointed
to the need for better monitoring, water governance that integrates water, and enhanced institutional responses to the
evolving hydrology in the Himalayas®.
Wester et al. 2023 did an extensive review of the Hindu Kush Himalayan cryosphere in the Water, Ice, Society and
Ecosystems in the Hindu Kush Himalaya report. They identified significant and growing changes, such as glacier loss,
reduced snow cover, and elevated warming at high elevations and shifting snowfall. The research underlined the
cascading effects on water resources, ecosystems, agriculture and communities throughout the region from these
changes in cryospheres”.
The GlaMBIE Team (2025) has recently assessed glacier mass change across the globe for 2000-2023, and have
found that glacier loss remains a key issue for freshwater supply and climate-system processes. The study reinforces the
evidence that glacier mass reduction is a widespread impact of anthropogenic climate change. The results are in line
with the concern felt in Himalayan river basins about long-term sustainability and seasonal reliability of glacier-fed
water resources”.

! Bhattacharya, A., Bolch, T., Mukherjee, K., King, O., Menounos, B., Kapitsa, V., Neckel, N., Yang, W., & Yao,
T. (2021). High Mountain Asian glacier response to climate revealed by multi-temporal satellite observations since the
1960s. Nature Communications, 12, 4133. https://doi.org/10.1038/s41467-021-24180-y (Nature)

? Pritchard, H. D. (2019). Asia’s shrinking glaciers protect large populations from drought stress. Nature, 569(7758),
649—-654. https://doi.org/10.1038/s41586-019-1240-1 (Nature)

3 Prakash, A. (2020). Retreating glaciers and water flows in the Himalayas: Implications for governance. Observer
Research Foundation. (Indian School of Business)

* Wester, P., Chaudhary, S., Chettri, N., Jackson, M., Nepal, S., & Steiner, J. F. (Eds.). (2023). Water, ice, society, and
ecosystems in the Hindu Kush Himalaya: An outlook. International Centre for Integrated Mountain Development.
https://doi.org/10.53055/ICIMOD. 1028 (HimalDoc)

* GlaMBIE Team. (2025). Community estimate of global glacier mass changes from 2000 to 2023. Nature, 639, 382—
388. https://doi.org/10.1038/s41586-024-08545-z (Nature)
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II1. OBJECTIVES OF THE STUDY
The major objectives of this study are:
1. To study the geographical distribution of the glacial retreat in the Himalayas and the main factors responsible
for it.
2. To analyse the relationship between glacier melt and water availability in the Indus and Ganga basins.
3. To evaluate impact of the alteration of glacier fed runoff on agriculture.
4. To compare the vulnerability of Indus and Ganga basin to changing cryosphere.
To recognise key issues in water and food security over the long term.
To recommend geographical and policy strategies for managing water and agriculture to be resilient to climate change.

IV.. RESEARCH METHODOLOGY

4.1 Research Design
The present study is a descriptive, analytical and comparative geographical research approach is used to explore the
effects of the rapid melting of the Himalayan glaciers on water security and agriculture in the Indus and Ganga river
basins. The study relies mainly on secondary data and combines the viewpoints of cryospheric, hydrological, climatic
and agricultural aspects. A comparative technique is employed to determine similarities and differences between the
two river basins' Vulnerability6.
4.2 Nature and Sources of Data
Mainly secondary data collected from reliable sources at the national and international level have been used in the
study. These include publications and datasets of Intergovernmental Panel on Climate Change (IPCC), World
Meteorological Organization (WMO), International Centre for Integrated Mountain Development (ICIMOD), Indian
Space Research Organisation (ISRO), Central Water Commission (CWC), Government of India, Food and Agriculture
Organization (FAO) and World Bank. Peer-reviewed journals, research articles, hydrological and glaciological research
reports, and satellite observations, in addition to published reports on Himalayan glaciers and river-basin hydrology,
provide further information.
4.3 Study Area
Geographical extent of the study includes the regions under Indus and Ganga river basin and the agricultural areas
downstream. The Indus Basin is analyzed with regards to its reliance on glaciers, snowmelt, and irrigation systems, as
well as water needs for agriculture. Analysis of the Ganga Basin with a specific focus on the role of interaction between
cryospheric contributions from the Himalayas, monsoon rains, river discharge, groundwater and agriculture’.
4.4 Data Collection
Relevant information is collected on:

e  Glacier area and mass loss

e  Glacier retreat and snow-cover changes

e Temperature and precipitation trends

e  Glacier- and snowmelt contributions to river discharge

e Seasonal variations in water availability

e Irrigation requirements

e  Agricultural cropping patterns

e  Groundwater dependence

% Immerzeel, W. W., Lutz, A. F., Andrade, M., Bahl, A., Biemans, H., Bolch, T., Hyde, S., Brumby, S., Cogley, J. G,
Eekhout, J. P. C., et al. (2020). Importance and vulnerability of the world's water towers. Nature, 577, 364-369.
https://doi.org/10.1038/s41586-019-1822-y

7 International Centre for Integrated Mountain Development. (2024). ICIMOD annual report 2023. ICIMOD.
(HimalDoc)
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e  Agricultural vulnerability

e  Water-security conditions
Satellite-based observations and published datasets are used wherever appropriate to examine spatial and temporal
changes®.
4.5 Descriptive Analysis
The major characteristics and trends associated with change in the Himalayan glaciers are analyzed by descriptive
analysis. Existing data for glacier retreat, mass balance, temperature, precipitation, snow cover and river discharge are
reviewed and interpreted systematically. This gives a general overview of the pattern of change to the cryosphere and
hydrology in the study area’.

Result:

Table 4.1: Contribution of Snow and Glacier Melt to River Runoff
River Basin Glacier Melt (%) | Snowmelt (%) | Combined Snow & Glacier Melt (%)
Upper Indus Basin | 41 22 63
Upper Ganga Basin | 12 9 21

Source: Compiled from published hydrological studies on Himalayan river basins.
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Figure 4.1: Contribution of Snow and Glacier Melt to River Runoff

Interpretation:

Table 7.1 shows a significant variation in the contributions of snow melt and glacier melt to river runoff from the Upper
Indus to Upper Ganga. The cryospheric contribution is 63%, with glacier melt accounting for 41% and the snowmelt
accounting for 22% in the Upper Indus Basin. In contrast, the Upper Ganga Basin has relatively small inputs from
glacier melt and snow melt, which account for 12% and 9% respectively and a total contribution of 21%. The
conclusions imply that the use of cryospheric water resources is more critical in the Upper Indus Basin. Thus, the

¥ Nazeer, A., Maskey, S., Skaugen, T., & McClain, M. E. (2022). Changes in the hydro-climatic regime of the Hunza
Basin in the Upper Indus under CMIP6 climate change projections. Scientific Reports, 12, 21442.
https://doi.org/10.1038/s41598-022-25673-6 (Nature)

? International Centre for Integrated Mountain Development. (2024). Snow update report 2024: Water shortages feared
as Hindu Kush Himalaya sees extraordinary below-normal snow year. ICIMOD. (ICIMOD)
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potential long-term water security and agricultural vulnerability in the Indus Basin will increase relative to the rest of
the world as glaciers continue to retreat'’.

V. CAUSES OF RAPID HIMALAYAN GLACIER MELTING
5.1 Rising Temperature
One of the most relevant factors that have an effect upon glacier mass loss is the increase of air temperature. Warm
weather results in more melting on the surface and may cause a shift in the accumulation/ablation equilibrium.
The warming of mountain regions may be strong with respect to elevation, so that high altitude cryospheric systems are
important indicators of climate change''.
5.2 Changes in Precipitation
Precipitation changes in terms of quantity, timing, and type can have an impact on glacier accumulation. The higher
temperatures could result in more precipitation as rain than snow at some elevations, which would lower the snow
cover'%.
The timing of snow can also influence the length of seasonal snow cover.
5.3 Black Carbon and Atmospheric Pollution
Black carbon accumulated on snow and ice surfaces can decrease the reflectivity, which can increase the absorption of
solar radiation. This can help to speed up the melting.
Therefore, the transport of black carbon from high-density areas and combustion sources could have an impact on snow
and glacier surface properties at high altitudes'’.
5.4 Changing Monsoon Behaviour
Monsoon in South Asia is significant component of the precipitation in the Himalayas. Intensification, shifts in timing
and spatial variability of monsoons can influence glacier accumulation and runoff.
5.5 Anthropogenic Climate Change
The world's overall rise in GHGs has led to warming in the atmosphere and in the cryosphere. Further warming will
likely lead to more glacier mass loss and to a decrease in long-term ice storage'*.

VI. GEOGRAPHICAL IMPLICATIONS OF GLACIER RETREAT
The retreat of glaciers can have impacts at various spatial scales.
It can change mountain hydrology, glacier lakes, slopes, and ecosystems and hazards at a local scale.
It may alter river discharge, both in terms of quantity and timing, at the basin scale.
It can affect, at the regional level, irrigation, hydropower, food production, and urban water supply.
The impact of change in transboundary rivers can be felt at the international scale through its impact on water
governance and cooperation between countries sharing river systems in the Himalayas'”.

1% World Meteorological Organization. (2023). State of the climate in Asia 2022. World Meteorological Organization.
(World Meteorological Organization)

" World Meteorological Organization. (2024). State of the climate in Asia 2023. World Meteorological Organization.
(World Meteorological Organization)

12 Azam, M. F., Kargel, J. S., Shea, J. M., Nolin, A. W., Haritashya, U. K., Srivastava, S., Maussion, F., Qazi, N.,
Chevallier, P., Dimri, A. P., Kulkarni, A. V., Cogley, J. G., Bahuguna, I. M., & others. (2021). Glaciohydrology of the
Himalaya-Karakoram. Science, 373(6557), eabf3668. https://doi.org/10.1126/science.abf3668

13 Wang, L., Liu, H., Bhlon, R., Chen, D., Long, J., & Sherpa, T. C. (2024). Modeling glacio-hydrological processes in
the Himalayas: A review and future perspectives. Geography and Sustainability, 5(2), 179-192.
https://doi.org/10.1016/j.geosus.2024.01.001 (Geores)

' Nie, Y., Pritchard, H. D., Liu, Q., Hennig, T., Wang, W., Wang, X., Liu, S., Nepal, S., Samyn, D., Hewitt, K., &
Chen, X. (2021). Glacial change and hydrological implications in the Himalaya and Karakoram. Nature Reviews Earth
& Environment, 2, 91-106. https://doi.org/10.1038/s43017-020-00124-w (Nature)
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Therefore, glacier change should be considered as a geographical process that is linked between high altitude
environment and densely populated plains downstream.

VII. CONCLUSION
Himalayan glaciers melting at a rapid rate is one of the significant environmental and geographical issues in South
Asian countries. The Himalayas are an important reservoir for the water supply, and variations in glacier mass may
affect river discharge, irrigation, agriculture, ecosystems and the livelihoods of people.
The connection between glacier retreat and water security is complicated. While an increase in melting may lead to
increased river flows in the short term, the resulting loss of glacier mass is likely to lead to reduced cryospheric storage
in the longer term and eventually diminished dry season water security. This is very significant for agriculture as it is
necessary to have water supplies available when and where irrigation systems are needed during the agricultural year.
Indus and Ganga basins have varying degrees and types of vulnerability. The Indus Basin, in general, is more reliant on
cryospheric contributions, while the Ganga Basin receives significant amounts of monsoon rainfall and has a more
complex hydrological structure. However, climate variability, groundwater pressure, agricultural demand, and
alteration of hydrology in the Himalayas are posing growing threats to both basins.
The ability of the governments, scientific institutions, farmers, and communities to adapt to a changing cryosphere will
therefore be important for the future of water and food security in South Asia. Conservation of glaciers is not the
answer. It should go hand-in-hand with efficient irrigation systems, sustainable groundwater management, crop
diversification, better monitoring, disaster preparation, integrated river-basin management and transboundary scientific
cooperation.
Based on this, the cryosphere in the Himalaya should be considered not only as a remote mountain environmental
system but also as an integral part of the water, agro-economic and socio-economic geography of South Asia.
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