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Impact of the 2022 heatwave and
2023 extreme summer snowfall
on the mass balance of the Chhota
Shigri Glacier, western Himalaya

Himanshu Kaushik?, Mohd. Farooq Azam¥?*! & Md. Arif Hussain®

In summer 2022, extreme heatwaves affected many mountain ranges across the Northern
Hemisphere—including the Himalaya, Alps, Rockies, and Tibetan Plateau—causing exceptional
glacier mass loss. Chhota Shigri Glacier, a benchmark site for long-term monitoring in the western
Himalaya, has recorded an average mass balance of - 0.47 +0.19 m w.e. a-2 over 2002-2023. The
2021-22 hydrological year was characterized by pronounced spring and summer warming, resulting
in the most negative annual mass balance in the observational record (-1.71+0.24 m w.e. a™2). In
contrast, the following year (2022-23) exhibited a slightly positive mass balance (0.22+0.27 m w.e.
a™1), despite 2023 registering the highest global mean temperature on record. This anomalous outcome
was associated with cooler spring conditions (-1.16 °C anomaly) and exceptionally high summer
precipitation. A major snowfall event in July 2023 delivered >300 mm of precipitation over three

days during the peak ablation season, increasing surface reflectivity and coinciding with a marked
reduction in modeled melt. Although not derived from a full surface energy balance analysis, multiple
independent indicators consistently support the interpretation of snowfall-induced melt suppression.
Contrasting years such as 2021-22 and 2022-23 underscore the growing dominance of extreme
weather events under continued warming. While positive mass balance years, such as 2022-23,
represent a blip in the long-term glacier wastage trend, they should not be misinterpreted as a sign
against ongoing climate change.
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Glaciers are among the most visible indicators of climate change, with their annual and seasonal mass balance
providing a direct response to fluctuations in temperature and precipitation!=. Over recent decades, a persistent
trend of negative mass balances has been observed across most of the world’s glaciers, primarily driven by ongoing
global warming?~®. The past decade has been the warmest on record, with global mean temperatures in 2022,
2023, and 2024 exceeding pre-industrial levels by 1.15 °C, 1.45 °C, and 1.55 °C, respectively”®. Correspondingly,
global glacier mass loss rates have nearly doubled from — 0.27 + 0.12 m w.e. a™* during 1976-2014 to — 0.57
0.10 m w.e. a”! in the most recent decade (2015-2024)*°.

While long-term glacier mass-balance trends and seasonal climatic controls are well documented, the extent
to which short-duration extreme weather events can dominate annual glacier-wide mass balance remains poorly
constrained, particularly in the Himalaya, where high-frequency in-situ observations are scarce. In recent years,
short-lived extremes have intensified worldwide and have produced glacier mass losses comparable to entire
ablation seasons. For example, exceptional heatwaves in 2022 caused unprecedented glacier melt across Europe,
Central Asia, and the Himalaya, with Switzerland losing ~ 35% of its seasonal melt within 25 days and glaciers
such as Hintereisferner (Austria) and Urumgi No. 1 (China) experiencing record mass loss®!!.

While temperature extremes are well studied for their role in glacier and snowpack melt, extreme precipitation,
though less spatially coherent, is increasingly recognized as a key driver of glacier mass balance!?"'°. However,
recent studies, including the “Sixth Assessment Report of IPCC” confirm that the frequency and intensity of
extreme precipitation events are increasing across many regions due to anthropogenic climate change. In recent
decades, the Himalaya and Tibetan Plateau have experienced numerous such extreme precipitation events!’1°.

1Department of Civil Engineering, Indian Institute of Technology Indore, Indore 453552, India. 2International
Centre for Integrated Mountain Development, Kathmandu, Nepal. ®lemail: faroogaman@®yahoo.co.in;
farooqazam@iiti.ac.in

Scientific Reports|  (2026) 16:19997 | https://doi.org/10.1038/s41598-026-43456-1 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-026-43456-1&domain=pdf&date_stamp=2026-4-29

www.nature.com/scientificreports/

Precipitation in the Himalayan region is primarily governed by western disturbances (WDs) during winter
and the Indian Summer Monsoon (ISM) during summer®. In the western Himalaya, winter precipitation is
traditionally dominated by WDs originating from the Mediterranean region?-?>. However, recent studies
report a decline in winter WD frequency accompanied by increased WD activity during the pre-monsoon and
early monsoon months (May-July)?'~?. This evolving seasonal overlap between WDs and the ISM enhances
the likelihood of short-lived but intense precipitation events, sometimes leading to cascading hydrological
hazards!>?*?>. Such anomalous summer precipitation can also strongly affect glacier surface processes,
particularly when snowfall temporarily increases surface albedo and suppresses melt'®.

When contrasting short-lived extremes occur in succession, their combined influence can strongly modulate
interannual glacier mass balance. An extreme melt season driven by a heatwave can precondition the glacier
surface by depleting seasonal snow and lowering albedo, thereby enhancing sensitivity to subsequent weather
anomalies'®??’. Conversely, an exceptional summer snowfall following a high-melt year can abruptly suppress
ablation and partially offset earlier mass loss. Despite this potential for sequence-dependent glacier responses,
most existing studies examine temperature extremes or precipitation anomalies independently, leading to
uncertainty in attributing annual glacier-wide mass-balance anomalies to specific short-duration events or their
sequencing”!%26-28 As a result, the capacity of consecutive short-duration extremes to temporarily override
longer-term climatic forcing remains insufficiently understood, particularly in the western Himalaya.

Chhota Shigri Glacier, a benchmark glacier in the western Himalaya, has been extensively monitored and
provides one of the longest in-situ mass-balance records in the region!®?°-3!. While previous studies have
established its long-term mass-balance evolution and sensitivity to seasonal temperature and precipitation
variability, the role of short-duration extreme events and their combined, event-scale influence on annual
glacier-wide mass balance remains inadequately constrained.

Building on this foundation, the present study explicitly links hourly-to-daily-scale temperature and
precipitation extremes with glacier mass-balance responses during two consecutive and contrasting hydrological
years. Specifically, we examine how an early spring-summer heatwave in 2022, followed by exceptionally high
summer snowfall in 2023, interacted to control glacier-wide annual mass balance. The objectives are to: (1)
assess how such event sequences influence annual glacier-wide mass balance, and (2) quantify the glacier’s
event-scale mass-balance response using a temperature-index model driven by high-resolution in-situ glacio-
meteorological observations.

Study site

The Chhota Shigri Glacier (32.28°N, 77.58°E) is a valley-type glacier located in the western Himalaya, Himachal
Pradesh, India (Fig. 1). It covers an area of 15.5 km? of glacierised area and descends from 5830 m to 4072 m
above sea level. The glacier feeds the Chandra River, a tributary of the Chenab (Indus) River. It is a non-surging,
temperate glacier, primarily composed of clean ice with approximately 12% debris cover®. The glacier receives
33% of its annual precipitation from the ISM during summer (June-September), and 67% from WDs in winter
(October-May), with a mean annual precipitation of 922 mm?2. The winter period was further subdivided into
spring (March-May) and autumn (October-November) seasons for the meteorological analysis. Continuous
monitoring since 2002 has established Chhota Shigri as a benchmark glacier. Satellite and field observations (Fig.
2) reveal substantial surface changes following the 2022 heatwave, highlighting the glacier’s high sensitivity to
extreme weather events. Moreover, a recent study*’ also suggested that this glacier is a representative glacier for
the whole western Himalaya.

Results and discussion

Contrasting glacier mass balance responses during 2021-22 and 2022-23

High-frequency in-situ observations from Chhota Shigri Glacier reveal pronounced interannual variability
in glacier-wide mass balance driven by short-duration temperature and precipitation extremes. The results
are interpreted at the event scale, emphasizing short-duration climate anomalies rather than regional mean
behaviour or long-term trends. Long-term monitoring indicates a mean annual mass loss of — 0.47 + 0.19 m w.e.
a™'?°. In contrast, the hydrological year 2021-22 recorded the most negative mass balance on record (- 1.71
0.24 m w.e. a™'), while 2022-23 exhibited a slightly positive mass balance (0.22 + 0.27 m w.e. a™*), highlighting
exceptional year-to-year variability (Fig. 3a).

The 2021-22 glacier-wide mass balance lies above the 95th percentile of the 2003-2023 observational period,
whereas the slightly positive balance in 2022-23 falls below the 90th percentile, despite 2023 being the warmest
year globally®. Among globally monitored glaciers, only one glacier in Antarctica recorded a slightly positive
mass balance in 2023 (Fig. 3b); direct comparison is not meaningful due to Antarctica’s opposite seasonal cycle
and distinct climatic regime. Notably, Chhota Shigri was the only monitored glacier in the western Himalaya to
show a positive annual balance in 2022-23. Other regional glaciers exhibited a clear reduced mass losses relative
to 2021-22 but did not attain a positive mass balance***.

For example, Gepang Gath Glacier, located in the same basin as Chhota Shigri, recorded — 0.55 + 0.37 m w.e.
a™' in 2022-23 compared to — 1.30 £ 0.39 m w.e. a™' in 2021-22, approximately 50% less negative, indicating a
significant reduction in melt within the same basin®*. Similarly, Drang Drung Glacier in the western Himalaya
showed a decrease from — 1.09 + 0.43 to — 0.38 + 0.43 m w.e. a™* (~ 65% less negative) over the same period*,
indicating a broader regional signal of reduced ablation linked to anomalous weather conditions. In contrast,
several glaciers in the central and eastern Himalaya (e.g., Mera, Pokalde, and Yala) continued to experience
extreme mass losses, underscoring the heterogeneous influence of summer precipitation anomalies across the
Himalayan arc3®.

To further understand the processes underlying this exceptional interannual contrast at Chhota Shigri
Glacier, we examine melt behaviour across different surface types, including debris-covered ice, using point-
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Fig. 1. Chhota Shigri Glacier showing ablation and accumulation measurement sites. Background:
PlanetScope image, 20 Oct 2023. Panels (a) Geonor precipitation gauge; (b) AWS-M.

scale mass-balance observations. Approximately 12-15% of Chhota Shigri Glacier is debris-covered?’, which
can modulate melt rates depending on debris thickness and prevailing meteorological conditions. Although
debris energy-balance processes are not explicitly resolved here, point mass-balance measurements from debris-
covered elevations reveal pronounced contrasts between the two years. During the 2022 heatwave, melt at
debris-covered sites (4263-4360 m a.s.l.) ranged from — 4.23 to — 7.01 m w.e., whereas during the anomalous
summer snowfall year of 2023, melt was reduced to — 2.11 to — 3.80 m w.e., corresponding to a 45-50% decrease.
Importantly, a similar reduction in melt was observed over clean-ice areas, indicating that enhanced summer
snowfall and associated snow cover, rather than debris-specific insulation effects, were the dominant control on
seasonal melt reduction. These observations highlight the primary role of short-duration atmospheric forcing—
particularly snowfall versus sustained heat—in governing interannual melt variability across both debris-covered
and clean-ice surfaces. The absence of debris thickness measurements and explicit energy-balance partitioning
limits further attribution, underscoring the need for future studies combining debris mapping with surface
energy-balance observations.

The altitudinal distribution of point mass balance exhibits a clear elevation dependence in both years (Fig.
3¢). Linear regressions yield vertical mass-balance gradients (db/dz) of 0.76 m w.e. (100 m)™* in 2021-22 and 0.61
m w.e. (100 m)™ in 2022-23. The higher equilibrium-line altitude in 2021-22 (5213 m a.s..) reflects enhanced
melt during the heatwave year, whereas the lower ELA in 2022-23 (4992 m a.s.1.) indicates moderated ablation
under cooler conditions and increased summer snowfall. Comparable reductions in db/dz during 2023 have
been reported for other western Himalayan glaciers®**, suggesting a coherent regional response to interannual
variability in melt-season climate.

Interpretation of these results is subject to limitations inherent to single-site studies. Climatic heterogeneity
across the Himalaya, glacier-type variability, and local forcing factors—including debris distribution, glacier
hypsometry, slope-aspect controls on radiation receipt, and interactions between WDs and the ISM—can
strongly modulate glacier responses to short-duration extremes. Consequently, the magnitudes reported here
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Fig. 2. Chhota Shigri Glacier surface changes after the 2022 heatwave and one year later. Left: PlanetScope
satellite images (3 m resolution) on 8 Sep 2022 and 9 Sep 2023. Right: Ground photographs from the exact
location on 13 Sep 2022 and 15 Sep 2023, highlighting the changes in the glacier’s surface condition.
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Fig. 3. Mass balance of Chhota Shigri Glacier. (a) The vertical grey line shows the annual mass balance from
2003 to 2023, overlaid on a generalized extreme value distribution. Shaded areas represent the 90% and 95%
quantiles. (b) Global glacier mass balance in 2023: WGMS data for 123 glaciers with kernel density estimation
fit. Vertical grey lines (light to dark) show glacier-wise mass balance from least to most negative. (¢) Altitudinal
distribution of point mass balance for the hydrological years 2021-22 (red) and 2022-23 (green), with
corresponding linear fits used in this study.
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should not be interpreted as regionally representative, but rather as process-based evidence illustrating how
short-lived meteorological extremes can temporarily dominate annual glacier-wide mass balance under specific
local conditions.

Extreme warming during spring and summer 2022 at AWS-M

Exceptional air temperatures were recorded at the AWS-M site (4,863 m a.s.l.) during spring (March-May) and
summer (June-September) 2022, with two prolonged warm spells clearly evident in the hourly temperature
record (Fig. 4a). These occurred during 13 March-13 April (spring) and 26 June-13 July (summer) and were
characterized by sustained positive anomalies relative to the 2010-2021 reference period. Daily temperature
anomalies during the spring warm spell frequently reached 4-6 °C, while summer anomalies were typically
2-3 °C (Figs. 4b-c). Diurnal temperature cycles further highlight the event intensity, with mean diurnal
temperatures during both warm spells 5-6 °C higher in 2022 than in 2023 (Figs. 4d-e).

A percentile-based analysis at both hourly and daily scales (90th, 95th, 97.5th, and 99th percentiles; Fig. 5;
Supplementary Fig. S2; Table S1) confirms the exceptional duration and intensity of the 2022 heatwave. During
both warm spells, temperatures consistently exceeded the 90th and 95th percentiles and frequently crossed the
97.5th and 99th percentiles. The spring warm spell (13 March-13 April 2022) was particularly extreme, with a
mean air temperature of —4.75 °C, 5.12 °C warmer than the same period in 2023 (-9.87 °C), representing the
highest value in the 2010-2023 record (Supplementary Table S2). During the summer warm spell (26 June-13
July), mean air temperature reached 6.00 °C, more than twice that observed in 2023 (2.77 °C) for the same
period.

Although the percentile thresholds were derived from a relatively short reference climatology (2010-2021)
that overlaps with a period of regional warming—thereby elevating the threshold values—the 2022 warm spells

(a)

—— Air Temperature
- Heatwave Period

2021-01 2021-05 2021-09 2022-01 2022-05 2022-09 2023-01 2023-05 2023-09 2024-01

Date

-54

(b) 2022 = Ta_2022 (a)
ol — Ta_2023
.._-'m‘hvlﬁulvlwn uru,l,.u'm,ﬁ____ . \/’\

0] \/\

o
! . Y ; ! ! ; . o -151
2022-03 2022-04 2022-05 2022-06 202207 2022-08 2022-09 202210 5
©
() 2023 g 10 — T2022 (b)
5 1 £ —— Ta_2023
2 84
L
ol bl 4 Yd l,'ﬂq < 6
44
2 \/—\/\A
_5.
0-
2023-03 2023-04 2023-05 2023-06 2023-07 2023-08 2023-09 2023-10 0 5 10 15 20

Date Hours

Fig. 4. Air temperature patterns and anomalies at Chhota Shigri Glacier during the 2022 heatwave and 2023.
(a) Hourly air temperature recorded at 4,863 m a.s.l. from AWS-M between 1 January 2021 and 31 December
2023. The 2022 heatwave periods are highlighted in red. (b) Daily temperature anomalies from 1 March to
30 September 2022, with both warm spells in spring and summer, are indicated by grey shading. (c) Same

as (b), but for 2023. (d-e) Diurnal temperature cycles during the two warm spells in 2022, compared with
corresponding periods in 2023. Grey shades represent variability.
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Fig. 5. Hourly temperature percentile thresholds (90th, 95th, 97.5th, 99th), and identification of extreme
heatwave hours (=3 consecutive hours above threshold) for 2022.

nevertheless exceeded even the highest percentile levels at both daily and multi-day timescales. This indicates
that the events were extreme relative to an already warm baseline. As the analysis emphasizes event persistence
and relative exceedance rather than absolute climatological thresholds, identification of 2022 as an exceptional
heatwave year remains robust.

The spring warm spell was unprecedented in the observational record, with 103 hours above freezing, a
cumulative positive temperature of 121 °C hours, and a mean air temperature of 1.17 °C (Supplementary Fig.
S3). ERA5-Land anomalies relative to the 1950-2023 climatology independently confirm the magnitude of this
spring warming (Supplementary Fig. S4; Table S3). Occurring during the typical accumulation season, this
early warming likely triggered premature snowmelt, reduced snowpack persistence, and lowered surface albedo,
thereby preconditioning the glacier for enhanced summer ablation®”-%.

Comparable extreme warming was reported across other glacierized regions during 2022, including glaciers
in High Mountain Asia and the European Alps (e.g., Kuogionggangri, Sangqu, Urumgqi No. 1, Findelgletscher,
Rhonegletscher, Hintereisferner)®~'2, supporting the regional character of this anomaly. These conditions
explain why 2021-22 recorded the most negative mass balance at Chhota Shigri Glacier. In contrast, 2022-23,
despite being the warmest year globally on record®, exhibited no above-freezing hours during the same spring
window (13 March-13 April; Supplementary Fig. S3), underscoring how regional-scale weather variability can
dominate glacier mass-balance outcomes independently of global mean temperature trends**.

Precipitation extremes and their impact on glacier mass balance: the anomalous case of
2023

Glacier mass balance in the Himalaya is controlled not only by air temperature but also by the timing, phase
(rain versus snow), and intensity of precipitation events'®?”?%, During the 2022-23 hydrological year, total
precipitation over Chhota Shigri Glacier reached 977 mm, of which 478 mm (49%) occurred during summer.
A single, exceptional precipitation event between 8 and 10 July 2023 accounted for > 300 mm, representing ~
31% of the annual total (Fig. 6a). This event exceeded both the India Meteorological Department (IMD) criteria
for heavy to very heavy rainfall and the World Meteorological Organization (WMO) extreme precipitation
thresholds, and was likely associated with interactions between Western Disturbances and the Indian Summer
Monsoon®.

Solid precipitation measurements from the Geonor T-200B gauge, equipped with a single Alter wind shield,
are subject to wind-induced undercatch during snowfall***?. Results from the WMO Solid Precipitation
Intercomparison Experiment (SPICE) indicate that for shielded Geonor gauges operating under snowfall
conditions and mean wind speeds of ~ 2-3 m 57/, catch efficiencies typically range between ~ 75-85%*!. During
the 8-10 July event, mean wind speeds at the Geonor site were ~ 2.5-2.8 m s™, implying a likely underestimation
of solid precipitation by ~ 15-25%. Accordingly, the reported snowfall total of ~ 300 mm should be interpreted
as a conservative estimate, with a plausible corrected range of ~ 350-400 mm. This uncertainty primarily affects
the absolute magnitude of precipitation, while the timing, duration, and phase of the event remain robust. Thus,
the occurrence of a short-duration, exceptionally intense summer snowfall is well constrained and sufficient to
explain the observed suppression of melt during the peak ablation period.

At higher elevations, most of this precipitation likely fell as snow, as indicated by in-situ data. During 8-10
July, mean air temperatures were —3.31 °C at high camp and at or below 0 °C at base camp, confirming snowfall
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Fig. 6. (a) Extreme July 2023 precipitation event showing more than 300 mm accumulated in three days
(highlighted by grey shading), with daily totals exceeding the 95th and 99th percentile thresholds. (b)
Daily mean air temperature during the extreme precipitation period in 2022 and 2023; the grey shaded (c)
Subsequent increase in glacier surface albedo (6-24 July) following the snowstorm.

rather than rainfall (Fig. 6b). This event triggered a rapid and sustained increase in surface albedo, rising from
0.28 on 6 July (exposed debris) to 0.90 by 9 July, indicative of widespread fresh snow cover (Fig. 6¢). Elevated
albedo persisted until 24 July, substantially reducing shortwave radiation absorption (Supplementary Fig. S1),
delaying ice exposure, and resulting in anomalous mass gain between 6 and 24 July.

Although the AWS-M is located on a lateral moraine and its absolute albedo values may not fully represent
glacier-wide conditions, the abrupt magnitude and persistence of the albedo increase provide a robust qualitative
indicator of snow-related surface changes. Because snow typically persists longer on glacier ice than on debris-
covered moraine due to lower thermal conductivity, the AWS-M record likely represents a conservative proxy
for snow-cover persistence and associated radiative effects on the glacier surface.

This event-scale summer snowfall demonstrates that fresh snow can temporarily suppress glacier melt
even during peak ablation, emphasizing that summer air temperature is as critical as precipitation amount in
governing glacier mass balance. Air temperature controls the precipitation phase at the glacier surface, thereby
exerting first-order control on surface albedo and shortwave radiation absorption—the dominant energy source
for melt on Himalayan glaciers'®. Similar melt-suppressing effects of summer snowfall have been documented
across multiple mountain regions, including the Alps*!, Andes?, Tibetan Plateau?’?%%%, Tian Shan*’, Eastern
Himalaya*®, Western Himalaya!®, and Karakoram®.

Earlier work at Chhota Shigri Glacier inferred these processes using lower-elevation (1,559 m a.s.l)
meteorological data from the Bhuntar station (from the Beas basin, ~ 50 km distance)'®. The present study
substantially advances this understanding by employing local, high-altitude observations near the glacier
surface, enabling direct resolution of snowfall-induced changes in albedo, shortwave radiation, and mass
balance. Together, these observations confirm that extreme summer snowfall can transiently shift the glacier
energy balance, highlighting the critical role of precipitation phase—regulated by summer air temperature—in
modulating Himalayan glacier mass balance.

Although a full surface energy-balance (SEB) analysis is not performed, the inference that the July 2023
snowfall suppressed melt is supported by multiple independent indicators: (i) near-freezing air temperatures
during the event, (ii) a sharp and sustained increase in surface albedo, and (iii) anomalous mass gain and reduced
ablation immediately following the snowfall. Collectively, these observations provide robust physical evidence
that reduced shortwave radiation absorption substantially limited melt during the peak ablation season, even in
the absence of explicit SEB partitioning.

Temperature and precipitation anomalies from in-situ and ERA5 Land data

Monthly temperature and precipitation anomalies were calculated using in-situ observations from the AWS-M
station relative to the 2010-2021 reference period (Fig. 7). During the 2021-22 hydrological year, AWS-M
recorded a positive annual temperature anomaly of 0.33 °C, with a pronounced 1.01 °C anomaly during the
March-September period. Spring (March-May) exhibited the strongest warming, with a 2.02 °C anomaly,
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Fig. 7. Mean monthly temperature and precipitation anomalies for 2021-22 and 2022-23 hydrological year’s
corresponding to the in-situ data (temperature 2010-2021 and precipitation 2012-2021).

the highest spring anomaly in the 14-year AWS-M record (Fig. 7b). In contrast, precipitation anomalies in
2021-22 were negative, with deficits of —61 mm in spring and —29 mm in winter (Fig. 7a). The combination
of anomalously warm conditions and reduced precipitation explains the strongly negative glacier-wide mass
balance observed in 2021-22.

In contrast, the 2022-23 hydrological year was characterized by cooler-than-average conditions, with annual
and March-September temperature anomalies of —0.16 °C and —0.52 °C, respectively (Fig. 7b). Precipitation
anomalies were strongly positive, particularly during summer, which recorded an excess of 260 mm. July alone
exhibited an extreme monthly anomaly exceeding 300 mm (Fig. 7a), associated with the exceptional summer
snowfall event. Although spring precipitation showed a negligible negative anomaly relative to the long-term
mean (-1 mm), it was 178% higher than in 2021-22, while summer precipitation was 135% higher than in
2021-22, reflecting a pronounced interannual shift in moisture availability.

ERA5-Land reanalysis data (1950-2023) provide broader climatic context for these anomalies (Supplementary
Fig. S5). The year 2022 recorded an annual temperature anomaly of 1.70 °C, ranking among the warmest years
in the 74-year record and driven by persistent spring and early-summer warming (Supplementary Figs. S4 and
S5a). In contrast, 2023, despite being the globally warmest year on record (1.45 °C)3, showed only a modest
regional anomaly of 0.25 °C over the Chhota Shigri Glacier region, highlighting strong spatial heterogeneity
in warming signals. ERA5-Land precipitation anomalies corroborate the in-situ observations, identifying 2022
as anomalously dry and 2023 as wetter than average, largely due to the July snowfall event (Supplementary Fig.
S5b). While both datasets are consistent in sign and magnitude at seasonal scales, the in-situ Geonor gauge more
effectively captures short-lived, high-intensity precipitation extremes.

These temperature and precipitation anomalies provide a coherent climatic explanation for the contrasting
glacier mass-balance responses observed during the two hydrological years. A similar pattern—strongly
negative mass balances in 2021-22 followed by less negative or moderated losses in 2022-23—was reported for
neighboring glaciers within ~ 30 km, including Samudra Tapu, Gepang Gath, and Sutri Dhaka®**¢. Together,
these observations indicate that basin-wide anomalies in temperature and precipitation, rather than purely local
effects, played a dominant role in controlling glacier mass balance across the Chandra Basin during this period.

T-index modeling of glacier mass balance under seasonal weather extremes
We applied a temperature-index (T-index) model to simulate glacier-wide mass balance for the hydrological
years 2021-22 and 2022-23, resolving both seasonal and annual variability. To ensure physically consistent
initial conditions, the model was spun up for a 10-year period (2011-2021) using ERA5-Land temperature and
precipitation forcing. This spin-up period allowed the seasonal snowpack and firn layers to equilibrate prior to
the analysis years and minimized the sensitivity of the simulations to prescribed initial states.

The adequacy of the spin-up was evaluated by comparing modeled end-of-summer snowline elevations with
independent field observations and satellite-derived snowline positions. Snowline elevation provides a robust,
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integrative constraint on late-season snow and firn conditions across the glacier surface. The agreement between
modeled and observed snowline elevations, within observational uncertainty, supports the physical plausibility
of the initialized snow and firn conditions at the start of the analysis period and their consistency with observed
glacier surface states.

Seasonal mass balance components were extracted from the full-year simulations to examine glacier responses
to two warm spells and the mid-summer snowfall event (Fig. 8). Model robustness was further assessed by forcing
the model with an independent 10-year in-situ temperature and precipitation dataset, calibrated following™,
yielding consistent long-term results and confirming the model’s ability to capture interannual glacier-climate
variability.

Although SEB models provide a more physically complete description of melt processes, their application
requires continuous, on-glacier measurements of radiative and turbulent fluxes, which are unavailable for this
site. The AWS-M is located on a lateral moraine and does not fully represent glacier-surface energy conditions,
while reanalysis products lack the spatial and temporal resolution required to resolve short-lived extreme events
in complex Himalayan terrain. Under these observational constraints, the T-index framework provides a robust
and defensible approach for quantifying temperature- and precipitation-driven mass-balance variability during
extreme years.

The modeled seasonal mass balance shows pronounced interannual contrasts consistent with in-situ
observations (Fig. 8). During spring (1 March-31 May), the modeled mass balance increased from 150 mm w.e.
in 2021-22 to 564 mm w.e. in 2022-23 (a 276% increase). Summer (1 June-30 September) mass loss decreased
from —2,311 mm w.e. in 2021-22 to — 1,631 mm w.e. in 2022-23, representing a 28% reduction in ablation.

During the first warm spell (13 March-13 April), the glacier gained only 6.98 mm w.e. in 2021-22, compared
with 105 mm w.e. in 2022-23 (= 14-fold increase), reflecting stronger spring warming, earlier snowmelt onset,
and reduced snow persistence in 2021-22. Consistent with this, caumulative positive degree days during spring
2021-22 were nearly three times higher than in 2023 (Supplementary Figures S4 and S6). During the second
warm spell (26 June-13 July), modeled mass loss in 2022-23 (281 mm w.e.) was 45% lower than in 2021-22
(=515 mm w.e.).

A mid-summer snowfall event in July 2022-23 (8-10 July) deposited over 300 mm of snow, sharply increased
surface albedo, and resulted in a positive mass balance of approximately 250 mm w.e. between 6 and 24 July. In
contrast, the same period in 2021-22 experienced a net mass loss of —532 mm w.e., corresponding to a~ 147%
turnaround in mass balance.

Overall, these results demonstrate that sub-seasonal extreme events exert a first-order control on annual
glacier mass balance. Reduced snowfall in spring and summer accelerates ice exposure, lowers albedo, and
intensifies melt, as highlighted in previous studies'®**4°. Our findings also reveal that heatwaves and snowfall
episodes can strongly influence seasonal mass balance outcomes. Similar patterns have been observed across
HMA, where early-season temperature anomalies and shifts in snowfall timing have markedly altered melt
dynamics?®*°. Together, the contrasting responses of 2021-22 and 2022-23 highlight the growing importance of
short-lived weather extremes in determining glacier mass balance and underscore the need for high-resolution
modeling supported by in-situ observations to improve understanding of glacier-climate interactions in the
Himalaya.

Interrelationships between seasonal temperature, precipitation, and mass balance

Correlation analysis over the 2012-2023 period indicates that glacier-wide mass balance at Chhota Shigri Glacier
is primarily controlled by summer precipitation and seasonal air temperature, with pronounced inter-seasonal
linkages (Fig. 9). Because temperature and precipitation exhibit seasonal covariation, potential multicollinearity
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Fig. 8. Modeled mass balance during key seasonal periods for 2022 and 2023. Spring includes two intervals:
13 March to 13 April and the whole spring season (March-May). Summer covers 26 June to 13 July and the
full ablation season (June-September). The impact of the 2023 summer snowfall event (6—24 July) is compared
with the same period in 2022 to assess seasonal contrasts.
Scientific Reports|  (2026) 16:19997 | https://doi.org/10.1038/s41598-026-43456-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1.00
AnnualfP 0.28 0.08 0.21 0.22 0.36 0.22 -0.1 0.13 0.08 -0.07

Summer_P 0.28 -0.06 -0.01 035 022 041 0.1 041 -0.13 0.42 0.51 0.75
Winter P 008 -0.06 049 | | 051 EREH 039 035 034 00 029 024

: e -0.50
Sprlng_P -0.01 | -0.49 WK 049 0.15 0.26 0.16 018 007 041 0.59 0.33

Autumn_P 008 035 5 -0.49 -0.42 M 037 0.05 NNCH
-0.25

Annual_T 021 -022 [-051 0.15 -0.4 04  -0.48

Summer_T = 022 041 BEEE 026 048 035 -0.53 -0.00

Winter T ' 036 01 -089 0.16 012 -0.24

--0.25
Spring T | 022 |01 |03 o1 | 0e . 047 00
,

Correlation Coefficient (r)

Autumn_T 01 013 | 034 -0.07 0.43 -0.37

--0.50
Annual_MB 013 04 048 0.3 .
Summer_MB 008 = 042 04 035 o012 EXZH 03 -0.75

Winter_MB

=3
o
<
o
o
2
=3
b
o
@
@
-
3
2
&
a
=)
=3
o
@
=3
Ny
=
=3
5
N

-1.00

Annual_P
Summer P
Winter_P
Spring_P
Autumn_P
Annual_T
Summer_T
Winter T
Spring_T
Autumn_T
Annual_MB
Summer_MB
Winter_MB

Fig. 9. Correlation matrix of seasonal and annual temperature, precipitation, and glacier mass balance.
Colors indicate strength and direction (red: positive, blue: negative) of Pearson correlations. Asterisks denote
significance: p <0.05 (*), < 0.01 (**), < 0.001 (***).

among predictors was evaluated prior to regression analysis. Variance inflation factors (VIF) computed for
seasonal and annual temperature and precipitation variables were moderate (VIF=4-6), indicating that
multicollinearity does not substantially bias the regression coeflicients; all predictors were therefore retained.
Correlation relationships are interpreted here to identify dominant seasons and underlying physical linkages,
rather than to imply the simultaneous use of all variables in a single regression model.

Spring air temperature shows strong negative correlations with both summer mass balance (r=-0.74)
and annual mass balance (r=-0.67), indicating that anomalously warm springs promote early snowmelt,
reduce surface albedo, and expose bare ice earlier in the melt season, thereby amplifying summer ablation.
Autumn precipitation is strongly correlated with winter mass balance (r=0.78), highlighting the importance
of late-autumn snowfall for winter accumulation. Annual mass balance also exhibits positive correlations with
both summer (r=0.54) and winter precipitation (r=0.51), reflecting the combined roles of accumulation and
precipitation-driven albedo effects.

These patterns are consistent with observations from other Himalayan and Tibetan Plateau glaciers, where
enhanced spring warming intensifies summer melt?®, and summer snowfall events suppress ablation by
increasing surface reflectivity!®?%>!. Together, the results extend earlier seasonal assessments>’ by demonstrating
that glacier-wide mass balance sensitivity is strongly modulated by inter-seasonal processes. In particular,
spring temperature and summer precipitation emerge as critical controls on annual mass-balance variability,
underscoring the need for multi-seasonal analyses when assessing glacier responses to extreme weather events.

Quantifying the contribution of summer snowfall to glacier mass balance anomalies

A multiple linear regression analysis between annual glacier-wide mass balance, summer precipitation, and
annual temperature (2013-2023) indicates that summer snowfall emerges as the strongest statistical predictor
of interannual mass-balance variability (R* = 0.54, Fig. S7; Supplementary Table S4). The regression model,
MB = —2.30 + 0.0027 X Psummer — 0.21 X Thnnual, suggests that each additional 100 mm of summer
snowfall is statistically associated with an enhancement of approximately 0.27 m w.e. in annual mass balance,
whereas a 1 °C rise in annual temperature is associated with a reduction of about 0.21 m w.e. Given seasonal
covariance between temperature and precipitation, these coefficients should be interpreted as statistical
sensitivities rather than causal partitioning of mass-balance drivers.

During 2023, the glacier experienced an exceptional July snowfall event, with precipitation approximately
260 mm above the decadal summer mean. Applying the regression-derived sensitivity suggests that this anomaly
is statistically consistent with an enhancement of nearly 0.7 m w.e. relative to average summer conditions,
representing a substantial fraction of the observed positive annual anomaly in 2022-23. This estimate represents
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a modeled snowfall-related offset to potential melt rather than a direct physical measurement of glacier gain.
Although the observed annual mass balance in 2022-23 was 0.22 m w.e., the statistical relationship indicates
that without the anomalous July snowfall, the glacier would likely have experienced a negative annual balance.
While statistical significance is limited by the short observational record, the direction and magnitude of the
sensitivities are physically consistent with known albedo and precipitation-phase feedbacks. The analysis
therefore supports the interpretation that extreme summer snowfall can substantially modulate annual glacier
mass balance during warm years, without implying strict causal attribution.

Using the derived sensitivities, each 1 °C increase in annual temperature would statistically require
approximately 80 mm of additional summer snowfall to maintain a neutral glacier-wide mass balance. Under
projected regional warming of 1.5-2 °C by mid-century®>*3, this scaling implies that summer snowfall would
need to increase by ~ 50-160 mm to offset temperature-driven melt enhancement. However, current Himalayan
climate projections indicate a shift toward reduced solid precipitation and an increasing proportion of rainfall>».
These results therefore suggest that glaciers such as Chhota Shigri are likely to continue experiencing net mass
loss, despite occasional positive-balance years associated with extreme summer snowfall events.

Limitations and broader implications

This study is based on detailed observations from a single, well-instrumented benchmark glacier, and the findings
should therefore be interpreted as process-based insights rather than region-wide trends. Two anomalous years
do not establish long-term climatic behaviour, and the contrasting mass-balance responses documented here are
not intended to represent a persistent regime shift. Instead, they demonstrate how short-duration extreme events
can temporarily dominate annual glacier-wide mass balance under favourable local conditions.

While Chhota Shigri Glacier is representative of high-altitude valley glaciers in the western Himalaya in
terms of climatic setting and mass-balance regime, extrapolation to other glacier systems requires caution due
to climatic heterogeneity, glacier-type variability, and local forcing factors. Future studies integrating high-
frequency in-situ observations with geodetic mass-balance estimates and regional remote-sensing analyses
across multiple glaciers are required to assess the spatial prevalence, recurrence, and longer-term significance of
event-driven mass-balance anomalies.

A limitation of the percentile-based heatwave analysis is the relatively short reference climatology (2010-
2021), which coincides with a period of regional warming and may yield slightly elevated percentile thresholds
relative to a longer, stationary baseline. Under a warming reference period, percentile thresholds are expected
to shift upward (£, > pyrenony), thereby reducing the probability of exceedance. Consequently, detected
heatwave events represent conservative, lower-bound estimates of event frequency and intensity. This limitation
primarily affects the absolute magnitude of thresholds rather than the relative identification of extremes, as the
same reference period is applied consistently. Consequently, interannual contrasts between 2021 and 22 and
2022-23 remain internally robust.

Summary and conclusion

This study presents the contrasting mass-balance response of Chhota Shigri Glacier, a benchmark valley glacier
in the western Himalaya, to two consecutive hydrological years characterised by extreme meteorological
conditions. In 2021-22, pronounced spring and summer warming led to a strongly negative annual mass balance
(-1.71+£0.24 m w.e. a™"), driven by enhanced ablation and reduced snow-cover persistence. In contrast, the 2022~
23 hydrological year exhibited a slightly positive mass balance (0.22+0.27 m w.e. a™), associated with cooler
spring conditions and an exceptional mid-summer snowfall event (>300 mm over three days) that increased
surface albedo and substantially reduced melt during the peak ablation period. Although not derived from a
full surface energy balance analysis, multiple independent indicators consistently support the interpretation of
snowfall-induced melt suppression. This sharp year-to-year contrast underscores the sensitivity of glacier mass
balance to short-lived local-scale weather extremes.

Our results demonstrate that seasonal climate variability—particularly spring air temperature and summer
precipitation—exerts a dominant control on annual mass balance at Chhota Shigri Glacier, with autumn
precipitation also contributing to winter accumulation.

Regression analysis suggests that the July 2023 snowfall anomaly is statistically associated with an
enhancement of approximately 0.7 m w.e. in annual mass balance, accounting for nearly 90% of the observed
positive anomaly. Given seasonal covariance between temperature and precipitation, this estimate should be
interpreted as a statistical sensitivity rather than a strict causal partitioning of mass-balance drivers.

While continued atmospheric warming is expected to drive long-term glacier mass loss, this study
demonstrates that short-duration extreme events can temporarily dominate annual mass-balance outcomes
at individual glaciers. While magnitudes differ across regions, the mechanisms highlighted here—spring
preconditioning through anomalous warming and summer melt suppression through high-altitude snowfall—
are relevant to other high-mountain glacier systems where precipitation phase and albedo feedbacks strongly
modulate melt. These findings highlight the importance of explicitly accounting for the timing, sequencing, and
intensity of extreme temperature and precipitation events in glacier monitoring and modelling frameworks,
particularly in data-scarce high-mountain environments where such events can strongly modulate melt
processes and associated hydrological impacts.

Methodology
Informed consent was obtained from all identifiable individuals appearing in Fig. 2 for publication of their
images in an online open-access journal. All individuals featured have been acknowledged in the manuscript for
their field support.
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Meteorological data

High-resolution in-situ meteorological observations were used to characterize the atmospheric drivers of glacier
mass balance. Air temperature data were obtained from an automatic weather station (AWS-M) installed on a
lateral moraine adjacent to Chhota Shigri Glacier at 4,863 m a.s.l. and operating continuously since 2010 (Fig. 1).
The AWS-M records air temperature at 30-minute intervals, which were aggregated to hourly and daily values
for analysis. Although the station is not located directly on the glacier surface, it provides the longest and most
consistent high-elevation temperature record available for the western Himalaya.

Because AWS-M is situated on a lateral moraine, its radiation and albedo measurements do not fully
represent glacier-surface energy conditions, particularly during periods of transient snow cover. These variables
are therefore interpreted in a relative sense, focusing on temporal changes rather than absolute surface energy
fluxes. In particular, short-term increases in albedo following snowfall events are used as a proxy for snow cover
persistence and associated changes in the shortwave radiation budget (Supplementary Fig. S1).

Precipitation data were obtained from a single-Alter-shielded Geonor T-200B gauge installed at the base
camp (3,844 m a.s.l.) in 2012 (Fig. 1). The gauge records precipitation at 15-minute intervals, which were
aggregated to hourly and daily totals for this study.

For long-term climatic context, ERA5-Land reanalysis temperature and precipitation data spanning
1950-2023 were used. Reanalysis data were bias-corrected using linear regression relationships derived from
overlapping in-situ AWS-M temperature observations (2010-2023) and Geonor precipitation measurements
(2012-2023), following established methods (Supplementary Fig. S8°%%;. These corrected datasets were used
to assess long-term temperature and precipitation anomalies. While ERA5-Land provides valuable large-scale
climatic context, it lacks the spatial and temporal resolution required to resolve localized, short-lived extreme
events in complex Himalayan terrain. Consequently, interpretation of heatwaves and intense summer snowfall
events is primarily based on local in-situ observations.

Near-surface air temperature data from AWS-M were also used to determine precipitation phase, with
snowfall identified when temperatures remained below 1.1 °C during precipitation events.

Mass balance measurements

We used in-situ annual and seasonal mass balance data for the two consecutive extreme hydrological years,
2021-22 and 2022-23. The annual glacier-wide mass balance measurements on the Chhota Shigri Glacier have
been conducted at the end of September or the beginning of October, using the direct glaciological method
since 20022%8, Seasonal mass balance measurements were conducted for the summer (June-September) and
winter (October-May) periods. For measuring mass balance, we utilize 2-meter bamboo stakes inserted into the
ablation area using a steam drill to depths of 8 to 10 m at the end of each summer. A well-distributed network
of approximately 23 bamboo stakes is between 4300 and 4900 m above sea level (m a.s.l.). While the net annual
accumulation is assessed in the accumulation area, located between 5150 and 5550 m a.s.]., using six 5-6 snow/
firn cores, depending on accessibility.

Observational uncertainty is derived from the in-situ glaciological mass-balance measurement framework
described by*® and includes uncertainties associated with stake readings, snow-density estimation, and spatial
extrapolation across elevation bands. Following standard error propagation approaches, model-related and
observational uncertainties are combined to obtain the total uncertainty in annual glacier-wide mass balance.

Heatwave and precipitation extremes

The Indian Meteorological Department (IMD) defines a heatwave for hilly regions as a period during which
maximum air temperature exceeds the seasonal normal by 4.5-6.4 °C, with severe heatwaves exceeding 6.4 °C.
However, no specific definition of a heatwave exists for Himalayan glacierized environments, where local climatic
conditions and surface-atmosphere interactions differ markedly from those in lowland regions. Similarly, the
World Meteorological Organization (WMO) does not prescribe fixed heatwave thresholds for glaciers, but
emphasizes the use of long-term local climatology to identify extreme temperature anomalies. Consequently,
percentile-based approaches are commonly adopted to characterize heatwaves in mountainous and glacierized
regions®>’.

To investigate the climatic drivers underlying the contrasting glacier mass-balance responses during the
hydrological years 2021-22 and 2022-23, we analysed in-situ meteorological observations from the AWS-M
station and precipitation data from the Geonor gauge. Heatwave detection was performed using both daily and
hourly percentile-based threshold methods, enabling identification of prolonged warm periods and short-lived
extreme temperature events relevant to glacier melt processes.

Let Timax(d, y)denote the daily maximum air temperature on calendar day d(month-day) in year y. For each
calendar day d, percentile thresholds P, (d)were computed as:

Py (d) = quantile, ({Tmax(d, y) | y € Yier}) , ey

where ¢ € {90,95,97.5,99} and Yier = 2010-2021denotes the reference period. Percentiles were calculated
independently for each calendar day using all available observations from the reference years. No temporal
smoothing (e.g., + 7-day moving windows) was applied to the percentile thresholds.

A heatwave day was defined when:

Tmax(d7 y) > Pq (d) . (2)

A heatwave event was identified when this condition persisted for at least three consecutive days, with no
gaps permitted. Events terminated when the daily maximum temperature fell below the percentile threshold.
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Heatwave intensity was quantified as the cumulative positive anomaly above the threshold during the event.
The daily temperature record used in this analysis is continuous; therefore, no interpolation or gap-filling was
required.

An analogous percentile-based analysis was conducted at the hourly scale to capture short-lived extreme
temperature events (Fig. 5). Hourly percentile thresholds were computed using the same reference period, and
hourly heatwaves were defined as periods of at least three consecutive hours exceeding the relevant threshold™.

Precipitation extremes
Daily precipitation records from 2012 to 2023 were analysed to identify extreme precipitation events, with
particular emphasis on the July 2023 snowfall event. While the IMD defines heavy rainfall using fixed intensity
thresholds, such criteria are less suitable for high-mountain glacierized environments characterized by highly
intermittent precipitation and distinct local climatology. Accordingly, and following WMO recommendations,
extreme precipitation events were identified using a percentile-based approach.

Let P (d)denote daily precipitation totals. Percentile thresholds were computed as:

Py = quantile, ({P(d) | d € 2012-2023}), (3)

where ¢ = 95and 99. A precipitation day was classified as extreme when P (d) > P,. Extreme precipitation
events were defined as one or more consecutive extreme days, with no minimum duration requirement imposed.
No temporal smoothing, interpolation, or extrapolation was applied.

Precipitation phase (snow versus rain) was determined using near-surface air temperature, with snowfall
identified when air temperature remained below 1.1 °C. The July 2023 event exceeded the 99th percentile and
occurred entirely under near-freezing to sub-zero conditions, confirming its classification as an extreme summer
snowfall event. The precipitation record used in this analysis is continuous; therefore, no missing-data treatment
was required.

Temperature-index modeling

In previous studies, a simplified temperature-index (T-index) model has been successfully applied to Chhota
Shigri Glacier to reconstruct long-term mass balance since 1950 using ERA5-Land reanalysis data®“®’. In this
study, we apply the same modelling framework but force it with local in-situ meteorological observations (air
temperature and precipitation) to estimate glacier mass balance during the hydrological years 2021-22 and
2022-23, which were characterised by extreme climatic conditions. Modelled mass balance was validated against
observed seasonal (summer) mass-balance measurements for the corresponding years, allowing improved
representation of seasonal and interannual variability, particularly the impact of heatwave and extreme snowfall
events.

The T-index model simulates glacier melt using daily mean air temperature and precipitation as inputs. Melt
is calculated as a linear function of positive air temperatures exceeding a threshold and is modulated by degree-
day factors (DDFs). Precipitation is partitioned into snowfall and rainfall using a temperature threshold of 1.1
°C, with precipitation falling as snow when T < 1.1 °C and as rain otherwise, following>*". Melt initiation is
assumed to occur when air temperature exceeds a threshold of — 0.7 °C, consistent with earlier studies at the site.

Daily air temperature input is derived from AWS-M observations and extrapolated to the glacier hypsometry
using observed lapse rates at 50 m elevation intervals. Precipitation input is taken from the Geonor gauge located
near the glacier. No additional precipitation correction factor is applied, consistent with previous modelling
studies at Chhota Shigri Glacier. Melt at each elevation band is calculated using the positive degree-day (PDD)
approach. Daily ablation a (mm w.e. d™") is computed as:

a= {DDFsJ,D, (T — T]\/[) cwhenT > Ty (4)
0: when < Ty

where T is the extrapolated daily mean air temperature (°C) at a given elevation,T,, is the melt threshold
temperature (-0.7 °C), and DDF represents the degree-day factor corresponding to the surface type: snow (S),
clean ice (1), or debris-covered ice (D). Locally calibrated DDF values of 4.1 mm w.e. °C™* d™* for snow, 8.1 mm
w.e. °C™' d™* for clean ice, and 3.6 mm w.e. °C™' d™* for debris-covered ice are adopted, following the calibration
presented in*"*%, based on extensive in-situ measurements.

Model calibration

The temperature-index model was calibrated using a 10-year in-situ dataset comprising AWS-derived air
temperature and precipitation records together with stake-based seasonal and annual mass-balance observations
from Chhota Shigri Glacier. Degree-day factors for snow and ice were adjusted to minimize the difference
between modeled and observed seasonal and annual glacier-wide mass balance over the calibration period.
Model performance was evaluated against independent stake measurements not used during calibration. All
calibrated parameters were subsequently held constant for the simulation of the extreme hydrological years
2021-22 and 2022-23 to ensure internal consistency. The calibration procedure follows the methodology
described in®.

Model uncertainty

Uncertainty in modeled glacier mass balance arises from both parameter uncertainty within the temperature-
index model and uncertainty associated with in-situ mass-balance observations. Model uncertainty was
quantified following the parametric sensitivity framework of®’, which evaluates the response of simulated mass
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balance to systematic perturbations in key parameters, including degree-day factors, temperature lapse rates,
precipitation gradients, and threshold temperatures, with uncertainty propagated through the model. Based on
this framework, the resulting uncertainty in annual glacier-wide mass balance is estimated as + 0.26 m w.e. for
2021-22 and + 0.31 m w.e. for 2022-23. Seasonal mass-balance uncertainties are derived consistently from the
annual simulations and therefore inherit the same uncertainty structure.

Data availability

Glacier mass balance data are available from the World Glacier Monitoring Service (WGMS): ([https://wgms.c
h/](https:/wgms.ch)). ERA5-Land data are available from the Copernicus Climate Data Store: ([https://cds.clim
ate.copernicus.eu/] (https:/cds.climate.copernicus.eu)). Other meteorological datasets used in this study will be
made available upon reasonable request.
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