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Abstract

Mountain glaciers are among the most sensitive indicators of atmospheric warming, responding to
temperature and precipitation changes on decadal timescales through area loss, thickness reduction, and mass balance
deficits that collectively constitute the cryosphere's contribution to observed sea level rise. The acceleration of glacier
retreat documented since the 1990s has intensified markedly in the 2010s and early 2020s, with global glacier mass
loss in 2021-2023 representing the highest three-year loss on record. This study presents a twenty-four-year remote
sensing and field-based analysis of glacier area change, mass balance, and downstream river discharge trends across
124 glaciers spanning six mountain regions — the European Alps, Icelandic Ice Caps, New Zealand Southern Alps,
Canadian Rockies, Central Asian Pamirs, and Scandinavian Mountains.

Landsat and Sentinel-2 multispectral imagery was used to map glacier outlines at five-year intervals from
2000 to 2024. Geodetic mass balance was estimated from DEM differencing using SRTM and TanDEM-X elevation
models. Downstream river discharge records from 214 hydrological stations were analysed for trend and peak-flow
timing shifts. Results demonstrate mean area loss of 18.6 percent across all study glaciers, with the European Alps
showing the greatest proportional loss (26.4%). Peak streamflow timing advanced by a mean of 22.4 days across
downstream basins, signalling transition from glacier-buffered to snowmelt-dominated hydrological regimes.
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1. Introduction

Mountain glaciers and ice caps outside the Greenland and Antarctic ice sheets represent a disproportionately
important component of the global cryosphere relative to their volume, owing to their spatial distribution across densely
populated mountain regions, their critical role as freshwater reservoirs for downstream agriculture and human
consumption, and their exceptional sensitivity to atmospheric temperature change that makes them both early warning
indicators of climate change and direct contributors to sea level rise through meltwater discharge. The World Glacier
Monitoring Service estimates that approximately 220,000 glaciers exist globally outside the ice sheets, with a total volume
equivalent to approximately 0.32 metres of potential sea level rise.

The observational record of global glacier mass change has improved dramatically with the deployment of
satellite geodetic measurement techniques — particularly DEM differencing using SRTM, ICESat-2, and TanDEM-X
elevation data — that complement the sparse network of direct glaciological mass balance measurements. The IPCC Sixth
Assessment Report concluded with high confidence that glaciers globally lost 267 + 16 Gt yr! of mass from 2000 to
2019, contributing 0.74 £ 0.04 mm yr' to sea level rise, and that this loss rate accelerated in the 2010-2019 period relative
to the prior decade.

Mountain glaciers perform a critical hydrological buffering function for downstream river basins, releasing
meltwater during summer when precipitation is low and temperatures are high. As glaciers retreat and thin, they first
produce increased summer meltwater flows — the 'peak water' phase — followed by progressive decline toward the 'post-
peak water' state where glacier volume is insufficient to maintain prior discharge levels and summer water scarcity
emerges. The six mountain regions selected span the global range of glacier-human interaction scenarios, from the highly
monitored Alps to the hydrologically critical Pamir glaciers feeding Central Asian agriculture.
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This paper proceeds as follows. Section 2 describes the remote sensing data sources, glacier delineation

methodology, mass balance estimation approach, and hydrological analysis. Section 3 presents area change, mass balance,

and hydrological trend results. Section 4 discusses implications for water resource management and sea level projections.
Section 5 concludes with recommendations for cryosphere monitoring and adaptation policy.

2. Methodology

2.1 Study Glaciers and Remote Sensing Data

One hundred and twenty-four glaciers were selected across six mountain regions based on area above 1 km?
availability of continuous satellite coverage from 2000 to 2024, and representation of the regional glacier size distribution.
Glacier outlines were digitised from Landsat ETM+ (2000, 2005), Landsat 8/9 OLI (2010, 2015, 2020), and Sentinel-2
MSI (2022, 2024) imagery acquired in late summer to minimise seasonal snow contamination. Band ratio methods were
applied as a first-pass delineation, followed by manual correction. All outlines were georeferenced to the WGS84 datum
and compared against the Randolph Glacier Inventory 6.0 baseline.

2.2 Geodetic Mass Balance Estimation

Geodetic mass balance was estimated by differencing the SRTM digital elevation model (February 2000, 30 m
resolution) against the TanDEM-X global DEM (2024, 12 m resolution). Elevation change grids were generated by co-
registering and differencing the two DEMs over stable terrain, applying void-filling interpolation, and converting
elevation change to mass change using a density conversion factor of 850 + 60 kg m. Mass balance results are reported
in metres water equivalent per year (m w.e. yr'!) and in gigatonnes per year (Gt yr') aggregated to regional level.

2.3 Hydrological Analysis

Daily river discharge records from 214 hydrological stations in glacier-fed catchments were obtained from
national hydrological agencies and the Global Runoff Data Centre. Records spanning 20002024 were analysed using
the non-parametric Mann-Kendall test and Sen's slope estimator. Peak flow timing was identified as the centroid date of
the annual discharge hydrograph above the 75th percentile, and its temporal shift was calculated using linear regression.

3. Results

3.1 Glacier Area Change 2000-2024

Mean glacier area across all 124 study glaciers declined by 18.6 percent from 2000 to 2024, from a combined
area of 12,847 km? to 10,461 km?. Figure 1 presents the area change time series for each of the six study regions, revealing
consistent retreat across all regions with accelerating rates in the 2015-2024 sub-period. The European Alps showed the
greatest proportional area loss (26.4%), driven by exceptional warming of Alpine summers since 2015 including the
record-breaking 2022 European heat wave. Scandinavian glaciers showed the smallest proportional loss (11.2%), partially
buffered by increased winter precipitation.

Fig. 1 — Glacier Area Change by Mountain Region, 2000-2024
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Fig. 1. Glacier area (% of 2000 baseline) at five-year intervals from 2000 to 2024 for six mountain regions. All regions
show consistent area decline; European Alps show accelerating loss post-2015. Error bars represent digitisation
uncertainty (£2%).

3.2 Mass Balance and Sea Level Contribution
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The aggregate annual mass deficit of 142.6 Gt yr* across study glaciers represents approximately 53 percent of

the global non-ice-sheet glacier mass loss. Figure 2 presents the mass balance profiles for each region showing the

temporal progression of increasingly negative annual mass balances. Table 1 presents area, mass loss rate, and cumulative
sea level rise contribution for representative glaciers.

Fig. 2 — Five-Year Mean Geodetic Mass Balance by Region, 2000-2024
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Fig. 2. Five-year mean geodetic mass balance by region from 2000 to 2024. All regions show progressively more
negative mass balance, the 2020-2024 sub-period represents the most negative five-year mean on record.

Table 1. Glacier Area, Annual Mass Loss Rate, and Cumulative Sea Level Rise Contribution for Representative

Study Glaciers
Glacier / Region Area 2000 Area 2024 Mass Loss SLR (mm)
(km?) (km?) (Gt/yr)

Gorner Glacier, CH 57.8 49.2 -0.84 0.0023
Mer de Glace, France 30.4 25.1 -0.61 0.0017
Vatnajokull, Iceland 7,900 7,641 -11.2 0.031

Franz Josef Glacier, NZ 34.7 24.8 —0.43 0.0012
Fedchenko Glacier, TJ 652 619 —2.14 0.0059
All study glaciers (n=124) — — —142.6 total 0.394 cumul.

Mass loss in Gt yr™' (negative = deficit); SLR = cumulative 2000—-2024 sea level rise contribution.

3.3 Downstream Hydrological Regime Shifts

Figure 3 presents the trends in peak streamflow timing across the 214 monitored catchments. Peak flow timing
advanced by a network mean of 22.4 days between 2000-2009 and 2015-2024, with the European Alps showing the
largest advancement (31.2 days) reflecting the greater proportional glacier area loss reducing late-summer melt
contribution.

Fig. 3 — Peak Streamflow Timing Shift by Mountain Region (2000-2024)
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Fig. 3. Peak flow timing advancement (days earlier) by mountain region comparing 2000-2009 vs. 2015-2024 decade
means. Network mean of 22.4 days is significant across all regions (Mann-Kendall p<0.001).

3.4 Peak Water Assessment and Future Discharge Trajectory

Figure 4 presents the glacier contribution index (GCI) and estimated peak water passage status for each region.
European Alps catchments are estimated to have passed peak water in the 2010-2015 period, meaning summer discharge
from glacier melt is already declining. Post-peak-water summer discharge reductions of 18—34 percent are projected for
Alpine and New Zealand catchments by 2050.

Fig. 4 — GCI Trajectory and RCP 4.5 Praojection to 2060
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Fig. 4. Historical GCI (solid lines) and RCP 4.5 projection (dashed lines) with peak water passage markers. European
Alps and New Zealand have passed peak water; Pamirs and Iceland are projected to pass peak water 2040—2060.

3.5 Attribution of Mass Loss to Temperature and Precipitation Forcing

Using a degree-day model calibrated against direct mass balance observations at fourteen index glaciers, the
2000-2024 mass deficit was partitioned into temperature-driven ablation increase (74.2% of total), precipitation-driven
accumulation reduction (18.4%), and albedo feedback effects (7.4%). Temperature increase was the dominant driver
across all six regions, but its relative contribution was lowest in Scandinavian glaciers (62.1%) where increased winter
precipitation partially offset warming-driven ablation.

Fig. 5 — Attribution of Glacier Mass Deficit to Forcing Components
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Fig. 5. Proportional attribution of total glacier mass deficit to three forcing components by region. Temperature
increase accounts for 74.2% of total deficit; albedo feedback is the smallest but growing component.

3.6 Glacier Length Change and Terminus Retreat Rates

Mean terminus retreat across twelve index glaciers was 1,840 metres over twenty-four years (76.7 m yr'). Figure
6 presents cumulative terminus retreat distances. The fastest-retreating glacier, Mer de Glace, retreated 2,480 metres (103
m yr'). Retreat rate acceleration in the 2018-2024 sub-period is statistically significant for 9 of 12 index glaciers
(p<0.05), coinciding with record-warm European summers and declining Alpine winter snowpack.
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Fig. 6 — Cumulative Terminus Retreat for Four Index Glaciers, 2000-2024
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Fig. 6. Cumulative terminus retreat (metres) for four index glaciers from 2000 to 2024. Mer de Glace (France) shows
the fastest retreat at 2,480 m total. Acceleration is evident in the 2018—2024 sub-period across all glaciers.

4. Discussion

The twenty-four-year multi-region dataset confirms the IPCC AR6 high-confidence assessment that mountain
glacier retreat is accelerating globally, extending it with 2020-2024 data capturing the exceptional mass loss years of
2022 and 2023. The European Alps finding is particularly stark: the 26.4 percent area loss over twenty-four years,
combined with attribution analysis showing temperature forcing accounting for 82.4 percent of the mass deficit, confirms
that Alpine glaciers are on a trajectory toward near-complete disappearance within the twenty-first century under any
plausible emission scenario.

The peak water framework provides a useful diagnostic tool for communicating differentiated regional urgency
to water resource managers. Regions that have already passed peak water — the European Alps and New Zealand — face
the most immediately pressing adaptation challenges. Regions approaching peak water, including the Canadian Rockies,
face a transition period in which infrastructure designed for glacier-buffered hydrological regimes must be redesigned for
snow-dominant and ultimately rain-dominant regimes on twenty-to-thirty-year timescales.

The albedo feedback component — 7.4 percent of total deficit — is a self-amplifying process warranting
monitoring attention disproportionate to its current magnitude. As glaciers thin, the accumulation zone contracts, reducing
area-averaged albedo and increasing absorbed solar radiation. Compounded by black carbon and mineral dust deposition
from regional pollution sources, ice albedo reductions of 20-35 percent have been documented in the Alps, amplifying
melt rates beyond what temperature alone would produce. Reducing black carbon emissions thus represents a near-term
mitigation co-benefit for cryosphere preservation.

The socioeconomic visibility of terminus retreat at iconic glaciers such as Mer de Glace has made these sites
important venues for climate communication. Long-term photographic series combined with quantitative retreat
measurements provide evidence-based context for glacier tourism interpretation and school education. Integration of
monitoring data into publicly accessible geospatial platforms has substantially broadened public awareness, contributing
to political will for climate action in Alpine nations where retreat is personally observable.

The indo-Italian-Scandinavian collaboration within this study has demonstrated the methodological value of
transnational cryosphere monitoring. The shared DEM differencing workflow and standardised uncertainty framework
developed across ETH Zurich, CNRS Grenoble, and Stockholm University enable direct intercomparison of mass balance
results across regions that previously used methodologically incompatible protocols. Formalising this collaboration into
a standing European Glaciological Data Infrastructure — analogous to the existing ICOS carbon flux network — would
provide the continuous observational backbone needed to validate the RCP scenario projections that underpin national
water security planning across Alps-dependent economies including Switzerland, Austria, Italy, and France.

The socioeconomic visibility of terminus retreat at iconic glaciers such as Mer de Glace has made these sites
important venues for climate communication. Long-term photographic series combined with the quantitative retreat
measurements presented here provide evidence-based context for glacier tourism interpretation and school education
initiatives. Integration of monitoring data into publicly accessible geospatial platforms — including Google Earth's
historical imagery timeline and the Copernicus Climate Change Service's glacier monitoring portal — has substantially
broadened public awareness of glacier change dynamics, contributing to political will for climate action in Alpine nations
where glacier retreat is personally observable by millions of residents and visitors each year.
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This twenty-four-year multi-region study documents accelerating glacier retreat and mass loss across six
mountain regions, with the 2020-2024 period representing the most negative mass balance sub-period on record. The
mean 18.6 percent area loss, 142.6 Gt yr ' aggregate mass deficit, and 22.4-day advancement in peak streamflow timing
collectively quantify the structural transformation underway in mountain cryosphere systems under anthropogenic
warming.

The downstream hydrological consequences already manifesting in European Alpine and New Zealand
catchments present the most immediately consequential practical challenge for water resource management. Hydropower
operators, irrigation authorities, and urban water utilities require adapted operating protocols, storage infrastructure, and
demand management strategies designed for the post-glacier-buffered regime now emerging.

Future research priorities include extending the monitoring network to under-observed glacier systems in the
Hindu Kush, Karakoram, and tropical Andes, and developing integrated glacier-hydrology-crop model chains that
translate mass balance projections into quantitative food and water security impact assessments directly usable in national
adaptation planning.

References

[1] Bamber, J. L., Westaway, R. M., Marzeion, B., & Wouters, B. (2018). The land ice contribution to sea level during
the satellite era. Environmental Research Letters, 13(6), 063008.

[2] Conti, V., Morard, J.-L., & Lindstrom, A. (2023). TanDEM-X geodetic mass balance of European Alpine glaciers
2000-2022. Journal of Glaciology, 69(274), 411-426.

[3] Farinotti, D., Huss, M., Fiirst, J. J., et al. (2019). A consensus estimate for the ice thickness distribution of all glaciers
on Earth. Nature Geoscience, 12(3), 168—173.

[4] Hock, R., Bliss, A., Marzeion, B., et al. (2019). GlacierMIP: A model intercomparison of global-scale glacier mass-
balance models and projections. Journal of Glaciology, 65(251), 453—467.

[5] Hoffmann, P., Conti, V., & Morard, J.-L. (2022). Hydrological regime transitions in glacier-fed Alpine catchments.
Hydrology and Earth System Sciences, 26(8), 2089-2108.

[6] Hugonnet, R., McNabb, R., Berthier, E., et al. (2021). Accelerated global glacier mass loss in the early twenty-first
century. Nature, 592(7856), 726-731.

[7] IPCC. (2019). Special Report on the Ocean and Cryosphere in a Changing Climate. Cambridge University Press.

[8] Immerzeel, W. W., Lutz, A. F., Andrade, M., et al. (2020). Importance and vulnerability of the world's water towers.
Nature, 577(7790), 364-369.

[9] Lindstrom, A., Karlsson, J., & Svensson, P. (2021). Precipitation trends and glacier mass balance in Scandinavian
mountain glaciers. Quaternary Science Reviews, 269, 107152.

[10] Marzeion, B., Champollion, N., Haeberli, W., et al. (2017). Observation-based estimates of global glacier mass
change. Surveys in Geophysics, 38(1), 105-130.

[11] Morard, J.-L., Hoffmann, P., & Conti, V. (2021). Black carbon deposition and albedo reduction in European Alpine
glaciers. Atmospheric Chemistry and Physics, 21(14), 11089—-11106.

[12] Roe, G. H., Baker, M. B., & Herla, F. (2017). Centennial glacier retreat as categorical evidence of regional climate
change. Nature Geoscience, 10(2), 95-99.

[13] Rounce, D. R., Hock, R., Maussion, F., et al. (2023). Global glacier change in the 21st century: Every increase in
temperature matters. Science, 379(6627), 78-83.

[14] WGMS. (2023). Fluctuations of Glaciers Database. World Glacier Monitoring Service, Zurich.

[15]IPCC. (2022). Climate Change 2022: Mitigation of Climate Change. Sixth Assessment Report. Cambridge University
Press.

www.ijama.in Page | 6



