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Abstract

The Bhote Koshi-Trishuli catastrophe in Nepal on August 26, 2026, and the Chamoli disaster in India on
February 7, 2021, demonstrate how localized high-mountain glacier rock-ice failures can evolve into
catastrophic debris-rich floods through interacting cryospheric, geomechanical, geomorphic, and hydrological
processes. This article proposes the Cryosphere-Geomechanical Destabilization Cascade Model (CGDCM), an
integrative and testable framework that separates climatic-cryospheric preconditioning from proximate
triggering and links progressive weakening, threshold failure, rock-ice detachment, pathway amplification, flow
bulking, hydro-geomorphic transformation, societal-infrastructure disruption, and legacy risk. In the model,
climatic warming acts primarily by progressively altering glacier support, permafiost integrity, rock-ice
bonding, meltwater pathways, and slope stability, rather than by determining the precise moment of failure.
Nepal provides strong evidence of impact-generated seismicity, fragmentation, and entrainment-driven
amplification along a confined pathway, whereas Chamoli provides complementary evidence of multi-year pre-
collapse deformation and water-mediated flow transformation. Recent quantitative reconstruction of the Nepal
event provides direct empirical support for the CGDCM distinction between source failure, pathway
amplification, and flow transformation. The framework emphasizes that warming may progressively condition
slope systems toward instability without necessarily determining the precise moment of failure. Five testable
propositions address susceptibility, precursors, pathway amplification, hydrological control of flow regime
transitions, and exposure and legacy effects. Operationalization emphasizes measurable physical indicators,
rates of change, and site-calibrated multivariate anomaly thresholds rather than universal failure cutoffs. The
CGDCM is presented as a bounded, transferable analytical framework whose principal contribution lies in
integrating established mechanisms into a coherent source-pathway-river-exposure architecture for analysis,
monitoring, and anticipatory Cryospheric Himalayan risk governance.
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1 Introduction

The Hindu Kush Himalaya (HKH), often described as the Third Pole and Water Tower of Asia, is undergoing
rapid cryospheric changes. Glacier thinning and retreat, altered snow persistence, permafrost warming, and
changing meltwater pathways modify the thermal, hydrological, and mechanical conditions of steep, high-
elevation terrain. Regional assessments and satellite studies have shown accelerating glacier wastage associated
predominantly with warming, whereas the Langtang catchment has experienced marked glacier area decline and
elevation-dependent warming (Silwal et al., 2026; Azam, 2026; Maharjan and Sherpa, 2026; Upreti, 2023;
ICIMOD, 2023; Maurer et al., 2019). These trends establish a changing cryospheric background, but do not
identify the immediate trigger of an individual failure.

The August 26, 2026, catastrophe in the Langtang-Lhende-Bhote Koshi-Trishuli system illustrates the difficulty
of classifying high mountain catastrophe using a single hazard label. Langtang-Lirung (7,227 m), the highest
peak of the Langtang Himal in north-central Nepal, lies near the Nepal-China border in Rasuwa District. The
catastrophic ice-rock collapse of 26 August 2026 originated on its steep, glacier-covered northern flank, at
approximately 28.2887°N, 85.5282°E (WGS 84), at an elevation of 5,000-5,200 m above sea level. The
detached rock—ice mass descended into the upper Lhende Khola catchment, initiating a cascading debris-flow
and flood sequence that propagated through the Bhote Koshi—Trishuli river system. A massive rock-ice body
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detached near an elevation of 5,200 m, plunged roughly 1,200 m downslope, and generated an earthquake-like
seismic signal of 5.4 magnitude through rapid acceleration, violent impact, and fragmentation rather than
tectonic shaking. The moving mass then evolved through entrainment, water-sediment interaction, flow
transformation, and river-system amplification into a far-reaching debris-rich catastrophic flood (GF, 2026;
Richter and Parvaiz, 2026; USGS, 2026).

Event-specific evidence further refines this interpretation. Guo et al. (2026) reconstructed a high-elevation ice-
rock avalanche that was progressively amplified by entrainment along an approximately 22-km upper-valley
pathway. They found no intense rainfall immediately before failure, identified possible precursor mass transfer
signals, and showed that destructive intensity depended strongly on the material acquired during transport. This
shifts the analytical attention from the source alone to the evolving source-pathway-river system.

The February 7, 2021, Chamoli disaster in Uttarakhand in India provides a rich data comparison. Approximately
26.9-million-meter® of rock and glacier ice detached near Ronti Peak, fell approximately 1,800 m, and
transformed into a highly mobile debris-rich flow that devastated the Rishiganga-Dhauliganga valleys (Van Wyk
de Vries et al., 2022; Shugar et al., 2021). Subsequent studies have documented multi-year deformation, late-
stage acceleration, rock-ice and freeze-thaw mechanisms, water incorporation, entrainment, and flow regime
transitions (Li et al., 2025; Wang et al., 2025; Munch et al., 2024; Fan et al., 2022).

1.1 Existing conceptual and modeling approaches to high-mountain cascading hazards

Multi-hazard research provides a broad conceptual foundation for cascading analyses. Kappes et al. (2012)
reviewed the methodological challenges in multi-hazard risk assessment, while Gill and Malamud (2014)
synthesized interactions among 21 natural hazards and distinguished triggering, intensification, and probability-
modifying relationships. Together, these approaches establish the need to analyze interacting hazard sequences
rather than isolated hazards.

At the cryosphere-geomechanical scale, Krautblatter et al. (2013) and Mamot et al. (2021) showed how
warming, thawing, ice-filled fracture degradation, progressive rock damage, and stress changes can reduce
permafrost rock slope stability. Haeberli et al. (2017) linked deglaciation and degrading permafrost to landslides
entering newly formed lakes and generating displacement waves or outburst floods, while GAPHAZ (2017)
provided operational guidance for glacier-permafrost hazard assessment, monitoring, and risk reduction. At the
process-chain scale, Mani et al. (2023) showed how a high-mountain geomorphic process can initiate, transform,
or alter subsequent processes. This framework is especially relevant because disaster magnitude may emerge
from transformations along the source-to-downstream pathway, rather than from the initial source process alone.
Post-detachment dynamics are addressed using multiphase flow models. Pudasaini and Mergili (2019)
represented the interaction of coarse solids, fine solids, and fluids, whereas r.avaflow simulates complex
propagation, entrainment, and flow transformation (Mergili et al., 2025). Alangadan and Sattar (2026) recently
coupled permafrost mapping, mass-movement modeling, lake interaction, flood propagation, and downstream
exposure in the western Himalaya.

Taken together, these approaches provide a strong foundation for understanding hazard interactions, permafrost
and rock slope instability, glacier-related cascades, geomorphic process chains, multiphase flow, and
downstream exposure. However, the reviewed literature generally treats these components in separate conceptual
and numerical domains. Therefore, an integrative framework that explicitly links climatic-cryospheric
preconditioning, progressive cryosphere-geomechanical weakening, threshold failure, pathway amplification,
hydro-geomorphic transformation, downstream exposure, and post-event legacy risk within a single causal
architecture is needed. This research gap motivated the framework developed in Section 3.

Against this background, this study proposes the Cryosphere-Geomechanical Destabilization Cascade Model
(CGDCM) as an integrative, process-based framework for high-mountain catastrophes initiated by instability in
coupled rock-ice-glacier-permafrost terrain. The model is formally presented and described in Section 3, before
being applied to the Nepal Bhote Koshi and India’s Chamoli cases. The objectives are to: (1) reconstruct the
August 2026 Nepal process chain using the strongest available evidence; (2) reconstruct and interpret the 2021
Chamoli event using the same analytical domains; (3) establish the CGDCM architecture and compare it
explicitly with antecedent multi-hazard, cryosphere-hazard, process-chain, and multiphase-flow frameworks; (4)
evaluate explanatory consistency, transferability, falsifiability, and model boundaries; and (5) derive
implications for monitoring, early warning, infrastructure risk assessment, transboundary cooperation, and
anticipatory high-mountain risk governance.
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2 Methods, Evidence Base, and Case Settings

2.1 Analytical design and literature retrieval

This study used an evidence-based integrative review and comparative process chain analysis rather than a
complete forensic field investigation. Nepal evidence prioritizes hydrological reporting from the Department of
Hydrology and Meteorology and Flood Forecasting Division; interpretations by the USGS and GFZ; the Science
reconstruction of Richter and Parvaiz (2026); and the peer-reviewed study of Guo et al. (2026). Chamoli
evidence prioritizes peer-reviewed satellite, seismic, experimental, and numerical studies, including Shugar et al.
(2021), Van Wyk de Vries et al. (2022), Fan et al. (2022), Munch et al. (2024), Li et al. (2025), Wang et al.
(2025), and Yin et al. (2025).

Targeted literature retrieval used major publisher databases and scientific repositories, including Springer
Nature, Wiley, ScienceDirect, Copernicus, Science/AAAS, USGS, GFZ, the Chinese Academy of Sciences,
ICIMOD, and Nepalese agency sources, supplemented by backward citation-chaining. Searches combined terms
for rock-ice avalanches, Chamoli, Langtang, Bhote Koshi, permafrost rock slopes, glacier de-buttressing, high-
mountain process chains, multi-hazard interaction, entrainment, multiphase flow, r.avaflow, debris-flow
transformation, and cryosphere hazards. Event-specific scientific and institutional evidence available until
September 13, 2026, was considered for the rapidly evolving Nepal case. This study is a targeted integrative
review and conceptual synthesis rather than a systematic or exhaustive review.

Supplementary regional evidence was also examined to test model boundaries and recurring pathway
mechanisms rather than treating every cryosphere-related flood as a direct CGDCM analog. The selected cases
included the 1981 Cirenmaco/Zhangzangbo transboundary GLOF, the 2016 Bhote Koshi outburst flood/debris-
flow event, the 2024 Thame rock-avalanche-lake displacement cascade, and the July 2025 Lhende-Rasuwagadhi
transboundary flood. These cases document contrasting source mechanisms but comparable processes of
sediment entrainment, river/lake interaction, transboundary propagation, infrastructure exposure, and post-event
reorganization (Stimson Center, 2025, 2026; ICIMOD, 2025; Lamichhane et al., 2021; Liu et al., 2020). They
are used as mechanism-level corroboration and boundary tests, rather than as formal validation cases.

Peer-reviewed event reconstructions were given the greatest interpretive weight. Operational agency assessments
were used for rapidly evolving observations that were not yet available in the journal literature. Contemporary
media reports were retained only when they reproduced technical statements attributable to the named agencies
or investigators. Assertions not supported by direct observation, an established physical mechanism, or a
traceable technical source were excluded from the causal reconstruction.

2.2 Evidence hierarchy and confidence grading

Two complementary distinctions were used to control causal overstatements. First, the evidence was separated
by inferential type. Directly measured or remotely observed information, including rainfall, river stage, flood-
wave timing, satellite change, seismic signals, slope displacement, runout, source-volume estimates, and
documented impacts, was treated as empirical event evidence. Mechanisms such as glacier de-buttressing, loss of
ice-cement strength, freeze-thaw damage, meltwater infiltration, frictional heating, entrainment, flow bulking,
and temporary river obstruction were treated as mechanistic interpretations when supported by established
literature. Anthropogenic climate change was treated as a long-term conditioning influence on glacier, snow,
permafrost, and hydrological boundary conditions; its quantitative contribution to the precise timing of failure
was not assumed without formal attribution.

Second, event-specific inferences were graded as having high confidence, moderate confidence, provisional, or
unresolved. High confidence was assigned when multiple independent measurements or peer-reviewed
reconstructions converged. Moderate confidence was used when a mechanism was physically well supported but
incompletely constrained for the event. Provisional was reserved for rapidly emerging interpretations based on
limited or newly published evidence. Unresolved indicates competing explanations and insufficient data. Table 1
applies this scheme to principal causal claims.
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Table 1 Evidence-confidence matrix for principal event-specific inferences.

Inference Nepal 2026 Chamoli 2021 Confidence /
interpretation
Limited intense Hydrological reporting Not a rainfall-runoff High for excluding a

antecedent rainfall as
primary flood driver

and Guo et al. indicate no
intense rain immediately
before failure.

flood; winter event began
as rock-ice collapse.

conventional local
rainfall-flood explanation
in both cases.

Coupled rock-ice source
failure

Recent reconstruction
estimates an initial ~103
Mm? rock-ice mass at
~5,190 m a.s.1., including
~12.6 Mm? of glacier ice
(~12%); the exact
initiation sequence and
source partition remain
subject to further
verification (Li et al.,
2026).

~26.9 million m* wedge,
~80% rock and ~20% ice.

High for coupled source
failure; Nepal now has
substantially improved
quantitative source
constraint, although the
exact rock-ice partition
and initiation sequence
remain provisional.

Progressive pre-failure

Possible precursor

>10 m displacement over

Chamoli: high. Nepal:

deformation tremors/minor mass five years; late-stage provisional.
transfers hours before acceleration detected.
failure.
Cryosphere- Warm-season meltwater, | Permafrost degradation, Moderate event-specific

geomechanical weakening

glacier motion and
permafrost degradation
proposed by new
reconstruction.

headwall crack loading,
freeze-thaw and rock-ice
interaction supported by
multiple studies.

confidence; strong
physical plausibility.

Entrainment-driven
pathway amplification

The initial ~103 Mm?
mass descended ~1,180
m and struck/entrained a
lower glacier tongue; ~67
Mm?® was deposited in
Chhochen Khola and ~36
Mm?® was remobilized
into Lende Khola, with
progressive entrainment
along ~22 km (Li et al.,
2026; Guo et al., 2026).

Strong erosion and
entrainment during
descent; quantified in
modelling studies.

High for Nepal, including
quantitative evidence of
mass redistribution,
remobilization, and
pathway amplification;
moderate-high for
Chamoli.

Water-mediated flow
transformation

Consistent with melt,
sediment and river-water

Thermomechanical
models explicitly

Nepal: moderate.
Chamoli: high.

incorporation; reproduce water-sensitive

quantitative partition regime transitions.

unresolved.
Temporary river Reported in Nepal River interaction Nepal:
impoundment/breach hydrological important, but moderate/provisional.
amplification reconstruction; detailed catastrophic mobility did | Chamoli: event-specific

geometry still not depend on a single pathway differs.

incomplete.

transient dam-breach
sequence.

Anthropogenic climate
influence on exact failure
timing

Not formally attributed.

Not formally attributed.

Unresolved for precise
timing; long-term climate-
conditioned susceptibility
is well supported
regionally.

2.3 Model construction and comparative application procedure

Model construction followed a process chain synthesis, in which observed and literature-supported mechanisms
were ordered according to their causal and temporal relationships. The identified domains were climatic-
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cryospheric preconditioning, progressive cryosphere-geomechanical weakening, approach to a critical stability
threshold, rock-ice or bedrock-glacier detachment, pathway amplification and flow bulking through vertical
relief, topographic confinement, entrainment potential, and hydrological availability, flow transformation and
hydro-geomorphic coupling, societal-ecological and infrastructure cascade, and legacy-risk landscape. Nonlinear
feedbacks among mobility, erosion, entrainment, damming, breach, and renewed amplification were retained,
where physically supported. Section 3 describes the resulting model architecture and specifies the procedure
used to construct it.

The Nepal Bhote Koshi and India Chamoli events were independently mapped onto the same domains.
Similarity was assessed at the process architecture level, not by assuming identical triggers or source
composition. Therefore, the comparison tests explanatory consistency and transferability, not formal out-of-
sample validation. Chamoli was treated as an independent comparative application that provides strong empirical
support for some CGDCM pathways, while the Nepal case provides new evidence for others, especially
entrainment-driven pathway amplification.

3 Proposed Cryosphere-Geomechanical Destabilization Cascade Model (CGDCM)

3.1 Conceptual basis and purpose of the CGDCM

The Cryosphere-Geomechanical Destabilization Cascade Model (CGDCM) is proposed as an integrative
process-based framework for explaining how long-term climatic and cryospheric change can progressively alter
the mechanical stability of coupled rock-ice-glacier-permafrost systems and, following threshold failure,
generate cascading geomorphic and hydrological processes whose downstream consequences may greatly
exceed the scale of the initial source failure. Therefore, its central analytical unit is not a single hazard type but
the evolving source-pathway-river-exposure system. The model distinguishes three causal levels that are often
conflated in disaster interpretation: long-term preconditioning that modifies susceptibility, progressive
cryosphere-geomechanical weakening that moves a slope toward instability, and proximate perturbation or
internal threshold crossing that determines the final transition to rapid motion. After detachment, the framework
treats relief, confinement, entrainment potential, and hydrological availability as active controls on amplification
and flow transformation, rather than as passive properties of the transport corridor.

The CGDCM also distinguishes the physical cascade from disaster and legacy-risk consequences that emerge
when the moving mass intersects with exposed people, infrastructure, ecosystems, and an already dynamic river
network. This distinction allows the same framework to represent both the mechanics of source-to-downstream
transformation and the ways in which exposure, infrastructure interdependence, and post-event landscape
reorganization determine the ultimate scale and persistence of the disaster risk. The architecture is presented in
Fig. 1 and described stage by stage.

3.2 Model architecture and stage-wise scientific interpretation

Figure 1 presents the CGDCM as two linked domains: a physical cascade core that explains the evolution from
changing high-mountain boundary conditions to a rapidly transforming mass-flow/flood process, and a disaster
and legacy-risk extension that explains how the physical cascade interacts with exposure, infrastructure,
ecosystems, and the reorganized post-event landscape.
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Cryosphere-Geomechanical Destabilization Cascade Model (CGDCM)
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Figure 1. Cryosphere Geomechanical Destabilization Cascade Model (CGDCM). The physical cascade core
comprises climatic-cryospheric preconditioning, progressive cryosphere-geomechanical weakening, critical-
threshold crossing, rock-ice/bedrock-glacier detachment, pathway amplification and flow bulking, and flow
transformation with hydro-geomorphic coupling. This cascade then intersects with societal, ecological, and
infrastructure exposures, producing a legacy-risk landscape. Nonlinear feedback may renew or amplify the later
stages.

Stage 1: Climatic-cryospheric preconditioning. The model begins with the long-term modification of the high
mountain environment rather than the catastrophic event itself. Atmospheric warming, changes in snow cover
persistence, glacier thinning and retreat, permafrost warming, and meltwater/drainage reorganization alter
thermal, hydrological, and mechanical boundary conditions. This stage represents susceptibility enhancement,
not the direct attribution of individual failure. A warmer cryosphere may shift a slope closer to instability
without determining the precise day or hour of failure.

Climatic preconditioning should be understood as a cumulative destabilization process, rather than a discrete
trigger. Sustained atmospheric warming progressively modifies the cryospheric and geomechanical boundary
conditions of high-mountain slopes through glacier thinning and retreat, loss of buttressing support, permafrost
warming and thawing, intensified freeze-thaw cycling, increased meltwater production, and reorganization of
surface and subsurface drainage. These changes can weaken rock-ice bonds, enlarge fractures, promote
meltwater infiltration and pore pressure development, redistribute stresses, and progressively reduce the
mechanical resistance of coupled rock-ice-glacier systems. Over time, an initially stable slope may evolve
toward a metastable or near-critical condition in which increasingly small perturbations or continued internal
deterioration alone may be sufficient to cross the failure threshold. In the CGDCM, climatic forcing primarily
acts by progressively conditioning the mountain system toward instability rather than by determining the precise
moment of failure. Therefore, climate change may load the mountain system with instability without necessarily
pulling the final trigger.
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Stage 2: Progressive cryosphere-geomechanical weakening. Changing cryospheric conditions are translated
into mechanical instability through glacier debuttressing, degradation of rock-ice bonds and ice-cemented
fractures, fracture propagation, meltwater infiltration into the cracks and crevices of the rock, pore-pressure
changes, and stress redistribution. Therefore, the coupled glacier-permafrost-bedrock system may progressively
lose its resistance. This domain is central to the CGDCM because it provides a physical bridge between regional
climate change and eventual threshold failure.

The Langtang glacier reconstruction of Silwal et al. (2026) provides a regionally relevant illustration of how
long-term climatic preconditioning may translate into changing mechanical boundary conditions. Accelerated
glacier thinning, fragmentation, and disconnection can modify glacier geometry and support conditions, while
rising equilibrium-line altitudes and thinning in steep icefall zones indicate sustained cryospheric reorganization.
These changes may interact with permafrost degradation, weakening of ice-filled rock fractures, and meltwater-
mediated changes in effective resistance. Glacier recession is therefore not merely an indicator of climatic
change: on susceptible slopes, it may contribute to progressive changes in mechanical stability. CGDCM
represents this intermediate transition between climatic forcing and critical-threshold failure.

Critical stability threshold and proximate perturbations. The threshold is the transition from a progressively
weakened but metastable slope to a rapid failure. The model is deliberately trigger-agnostic. Threshold crossing
may follow internal damage accumulation alone or may be assisted by a short thermal or melt pulse, rapid
drainage change, rainfall, snow loading, seismic shaking, or other perturbations. In some events, the final
perturbation may never be identified unambiguously. Distinguishing the long-term preconditioned state from
proximate perturbations prevents causal overstatements.

Stage 34 - Rock-ice/bedrock-glacier detachment. Once the resistance falls below the forces driving the motion,
a part of the coupled slope system detaches. Gravitational potential energy is rapidly converted into kinetic
energy, resulting in acceleration, impact, fragmentation, and intense comminution. Depending on the source
geometry, the failed mass may be rock-dominated, ice-dominated, or a mixed rock-ice body. Therefore, the
CGDCM does not require a single source composition; it requires a coupled high-mountain failure capable of
initiating a downstream cascade.

Stage 3B: Pathway amplification and flow bulking. The transport corridor is treated as an active component of
hazard generation, not merely as a route between the source and receptor. Vertical relief supplies energy,
topographic confinement sustains flow concentration, entrainment potential determines how much additional
rock, sediment, snow, ice, vegetation, and channel material can be incorporated, and hydrological availability
controls the amount of water acquired from melting, wet sediment, rivers, subsurface flow, and transient lakes.
Consequently, the moving mass can increase substantially in terms of volume, momentum, and mobility after
source failure.

Stage 3C: Flow transformation and hydro-geomorphic coupling. Fragmentation, frictional and impact heating,
ice/snow melt, water-sediment mixing, and external water incorporation can transform a rock-ice avalanche into
a debris flow, debris flood, or hyper-concentrated flood. Interactions with rivers or lakes may create additional
amplification through temporary damming, displacement waves, overtopping, breaches, channel erosion, or
rapid release of stored water and sediment. These mechanisms are conditional rather than obligatory, and
different events may activate different pathways within the same CGDCM architecture.

Stage 4: Societal-ecological and infrastructure cascade. Physical hazards become catastrophic disasters when
they intersect with exposed people, settlements, hydropower facilities, roads, bridges, border infrastructure,
communication systems, and ecosystems. The failure of one infrastructure component may then propagate
through other systems: bridge loss can isolate communities, road failure can obstruct rescue, power loss can
disrupt communication, and hydropower damage can affect regional energy supply. Therefore, the model
distinguishes physical cascade amplification from the additional amplification created by exposure and systemic
vulnerability.

Legacy-risk landscape. The cascade does not end when the principal flood wave passes. Large sediment stores,
altered channels and drainage, new barrier lakes, weakened slopes, and damaged infrastructure establish a new
post-event-hazard baseline. Secondary remobilization, renewed damming or breach, and subsequent slope failure
can generate additional hazards for months to years. Therefore, the CGDCM treats catastrophe as a landscape
transition that resets future risks rather than an isolated terminal event.
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Nonlinear feedbacks. Feedback connects the stages and can magnify the cascade: greater mobility increases
erosion; erosion increases entrainment; entrainment increases mass and momentum; increased debris can
promote damming; damming can store water; breach can create renewed amplification; and the resulting
deposits can reorganize later flow paths. These feedbacks explain why downstream intensity may be
disproportionate to the initial source volume and why static single-hazard models can underestimate complex
high mountain risk.

3.3 Relationship of the CGDCM to antecedent frameworks

Once the CGDCM architecture is made explicit, its relationship with earlier frameworks can be assessed more
precisely. The CGDCM builds upon, rather than replaces, established multi-hazard, cryosphere-hazard,
geomorphic process chain, and multiphase-flow science. The broad multi-hazard approaches of Kappes et al.
(2012) and Gill and Malamud (2014) establish that hazards interact and can trigger, intensify, or modify
subsequent processes; the CGDCM places this general interaction logic within a cryosphere-specific source-to-
downstream causal sequence.

The temperature-dependent rock-slope models of Krautblatter et al. (2013) and Mamot et al. (2021) provide
direct mechanistic foundations for progressive cryosphere-geomechanical weakening, whereas Haeberli et al.
(2017) and GAPHAZ (2017) demonstrate how deglaciation, permafrost degradation, slope failure, lake
interaction, scenario assessment, and monitoring can be linked to changes in mountain terrain. Mani et al. (2023)
provide the closest conceptual antecedent at the process-chain level by showing that high mountain hazards
evolve through linked transformations rather than isolated events.

In the post-detachment stage, the multiphase formulation of Pudasaini and Mergili (2019) and the r.avaflow
framework of Mergili et al. (2025) provide the physical and numerical foundations for entrainment, material
interaction, water incorporation, and flow transformation. Alangadan and Sattar (2026) extended this systems
perspective through a Himalayan multi-model architecture linking permafrost degradation, mass movement, lake
interaction, flood propagation, and downstream exposure. These approaches overlap with different portions of
the CGDCM, but do not, in the literature reviewed here, combine all of its pre-failure, pathway-amplification,
hydro-geomorphic, societal, and legacy-risk domains within one bounded framework.

Table 2 summarizes this lineage. The comparison is intentionally made after the CGDCM has been defined and
described so that similarities and differences are evaluated against a clearly specified model rather than
anticipated before the reader has seen the proposed architecture.

Table 2 Relationship of the CGDCM to established multi-hazard, cryosphere-hazard, process-chain, and
multiphase-flow frameworks.

Framework / model

Primary focus

Relationship with CGDCM

CGDCM integration / extension

Multi-Hazard Risk Analysis Framework
(Kappes et al., 2012)

Multi-hazard risk analysis and comparability
across hazards.

General foundation for an integrated
hazard analysis.

It adds cryosphere-specific causal staging and
process amplification.

Natural Hazard Interaction Framework
(Gill and Malamud, 2014)

Interaction networks in which one hazard
triggers or increases the probability of another
hazard.

Supports cascading and nonlinear
hazard interaction logic.

Adds detailed high-mountain source, pathway,
hydro-geomorphic and legacy domains.

Permafrost Rock-Slope Destabilization
Models (Krautblatter et al., 2013;
Mamot et al., 2021)

Temperature-dependent weakening and
stability of permafrost-rock slopes.

Mechanistic foundation for
progressive cryosphere-
geomechanical weakening.

Weakening is extended through threshold failure,
runout transformation, exposure, and legacy risk.

Deglaciation-Permafrost-Landslide-
Lake Cascade Framework (Haeberli et
al., 2017)

Deglaciation/permafrost degradation ->
landslide into new lake -> displacement
wave/outburst wave.

Close hydro-geomorphic cascade
analog.

Accommodates lake-mediated and direct rock-
ice-to-debris-flood pathways.

Glacier and Permafrost Hazard
Assessment Framework - GAPHAZ
(GAPHAZ, 2017)

Glacier/permafrost hazard assessment,
scenarios, monitoring and risk reduction.

Operational and assessment
foundations.

Link monitoring and management to an explicit
causal cascade architecture.

High-Mountain Geomorphic Process-
Chain Framework (Mani et al., 2023)

High-mountain geomorphic process chains
and transformations.

Closest conceptual antecedent.

Explicitly adds cryosphere-geomechanical
weakening, trigger separation,
societal/infrastructure cascades, and legacy risks.

Multiphase Mass-Flow / r.avaflow
Modeling Framework (Pudasaini and
Mergili, 2019; Mergili et al., 2025)

Multiphase mass-flow physics and numerical
propagation of complex landslides.

Physical/computational basis for
Stages 3 B-3 C.

It adds climatic preconditioning, threshold
mechanics, exposure, and post-event risk.

Permafrost-Mass Movement-GLOF
Multi-Model Architecture (Alangadan
and Sattar, 2026)

Permafrost mapping linked to modeled mass
movement, lake interaction, flood
propagation, and exposure.

The closest recent Himalayan
modeling analog to part of the
CGDCM.

Broader bounded architecture for coupled rock-
ice initiation, pathway amplification, direct river
coupling, and legacy risk.
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3.4 Scientific novelty, scope, and model boundaries

The scientific contribution of the CGDCM lies not in claiming novelty for individual processes, such as glacier
retreat, permafrost degradation, rock slope failure, entrainment, debris-flow transformation, river interaction, or
infrastructure exposure, all of which have substantial precedent. Its proposed novelty is synthetic and
architectural: it explicitly separates climatic-cryospheric preconditioning from progressive cryosphere-
geomechanical weakening and proximate threshold crossing; treats the transport pathway as an active
amplification system; incorporates hydro-geomorphic transformation and nonlinear feedbacks; and extends the
physical cascade into societal-infrastructure consequences and a post-event legacy-risk landscape.

The CGDCM is primarily intended for high-mountain cascades initiated by instability in coupled rock-ice-
glacier-permafrost terrain. It is not proposed as a universal model for every glacial lake outburst flood, rainfall-
induced debris flow, or tectonically triggered landslide. Such events may intersect the framework at the
downstream transformation, river interaction, exposure, or legacy-risk stages, but they do not necessarily share
their cryosphere-geomechanical source pathway. This bounded but flexible scope preserves explanatory
discipline while allowing comparative application across a wider range of high-mountain cascading events. To
clarify transferability, the framework distinguishes three levels of generalization: the overall process architecture
is transferable; the activation, ordering, and relative importance of individual pathways are event-specific; and
numerical warning thresholds are site-specific and require local calibration. This distinction permits comparative
use without assuming that different mountain systems share identical triggers, source compositions, or critical
values.

The model is a structured hypothesis system rather than a deterministic sequence in which every process must
occur. Individual stages can be supported, rejected, or modified as higher resolution data become available.
Nepal 2026 and Chamoli 2021 are therefore treated as comparative applications and consistency tests, not as
formal out-of-sample validations. The Results section examines how the evidence from each case maps onto the
defined model domains, where the two events diverge and where uncertainty remains.

4 Results

4.1 August 2026 Bhote Koshi-Trishuli catastrophe, Nepal

4.1.1 Hydrometeorological and hydrological reconstruction

The flood hydrograph indicates an abrupt high-altitude input rather than a progressive local catchment runoff. At
approximately 08:40 Nepal time, the Bhote Koshi-Syafrubesi hydrological station recorded a stage of
approximately 1.62 m, far below its 6 m warning level and 7 m danger level. Transmission ceased around 08:50,
and by approximately 09:00, authorities had information that an exceptional surge was entering the Bhote Koshi
system from the transboundary headwaters. The Betrawati station ceased transmission at approximately 09:20.
The flood reached Galchhi at approximately 10:28, Malekhu around 11:50, Muglin around 13:00, and Devghat
around 15:20; the Devghat stage peaked near 6.57 m at about 16:00. Four automatic hydrological stations were
destroyed, and Nepal's Flood Forecasting Division estimated that approximately 20-million-meter 3 of additional
floodwater passed through Devghat during the event (OnlineKhabar, 2026b).

This extreme downstream response occurred despite the limited local rainfall in Rasuwa. Nepalese
hydrometeorological reporting indicated only approximately 7 mm during the preceding 24 h, whereas Guo et al.
(2026) reported below-average precipitation in the source region during the preceding months and no intense
rainfall immediately before the failure. Rainfall or antecedent moisture may have influenced the local slope or
sediment conditions, but the evidence is inconsistent with a conventional local rainfall-runoff explanation for the
magnitude of the flood (Guo et al., 2026; OnlineKhabar, 2026a).

4.1.2 Source failure, precursor signals, and uncertainty

Source interpretation evolved as higher-resolution imagery and seismic analyses became available. Richter and
Parvaiz (2026) reported that investigators increasingly favored landslides involving glacier ice rather than
autonomous glacier collapses. Subsequent seismic interpretation indicated that the earthquake-like signal was
produced by the mass movement itself rather than by a tectonic earthquake: a massive rock-ice body detached at
approximately 5,200 m elevation, plunged roughly 1,200 m downslope, and generated intense seismic energy via
rapid acceleration, violent impact, and fragmentation. GFZ estimated flow velocities of approximately 40-50
m/s, while USGS classified the event more conservatively as rapid slope failure involving a glacier, reported
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debris-flow/flood runout of roughly 100 km, and estimated the generated seismic energy as equivalent to an
earthquake of approximately magnitude 5.2 (GFZ German Research Centre for Geosciences, 2026; U.S.
Geological Survey, 2026). ICIMOD's rapid event assessment likewise characterized the disaster as a Nepal-
China cryosphere-risk cascade involving high-altitude ice, rock, sediment, and downstream river interaction
(International Center for Integrated Mountain Development, 2026b).

Guo et al. (2026) added a complementary peer-reviewed reconstruction centered on a massive high-elevation
ice-rock avalanche on the northern slope of Langtang Lirung. This study links source susceptibility to long-term
glacier motion, unusually warm spring-summer conditions that increase meltwater availability, and high-altitude
permafrost degradation, while finding no evidence of a single short-term rainstorm trigger. Seismic stations also
recorded several anomalous tremors in the hours before the principal event, some corresponding to reported
minor snow or ice activity. These signals suggest possible precursor mass transfer, but their predictive
significance remains provisional. A recent high-resolution reconstruction provides substantially stronger
quantitative constraint on the initial failure and its early transformation. Li et al. (2026), integrating remote-
sensing, seismological, hydrological, field, and numerical evidence, estimated that an approximately 0.76 km?
rock-ice mass with a total volume of ~103 Mm? failed from the north flank of Langtang Lirung at approximately
5,190 m a.s.l., including about 12.6 Mm? of glacier ice (~12%). After roughly 30 s of descent, the mass struck
and entrained a detached glacier tongue near 4,010 m a.s.l., corresponding to an initial vertical descent of
approximately 1,180 m, and rapidly evolved into a large rock-ice avalanche. Within the following ~100 s,
approximately 67 Mm? of debris was deposited in Chhochen Khola, whereas the remaining ~36 Mm® was
remobilized as a highly mobile debris flow that entered Lende Khola (Li et al., 2026).

For the 2026 Nepal catastrophe, the available evidence is therefore more appropriately interpreted in terms of
climatic preconditioning than direct single-event climate causation. Long-term warming, glacier thinning and
retreat, possible degradation of permafrost and ice-filled fractures, enhanced seasonal melting, and changing
freeze-thaw conditions may have progressively reduced the stability of the coupled rock-ice slope system (Guo
et al., 2026; ICIMOD, 2026a; Silwal et al., 2026). Such processes would not necessarily determine the exact
timing of collapse, but they could increase the probability that the slope approaches a critical stability threshold.
Therefore, the relevant question is not simply whether climate change triggered the August 26 failure, but
whether anthropogenic warming altered the physical boundary conditions sufficiently to increase the probability
of destabilization.

The combined evidence supports a coupled high-elevation rock-ice slope failure with high confidence; however,
the precise initial partition between bedrock detachment and glacier failure remains unresolved. Bedrock
involvement is strongly plausible from the Science, GFZ, and USGS reconstructions, whereas the Science
Bulletin study emphasizes ice-rock avalanche dynamics and glacier instability. Therefore, the CGDCM avoids
forcing the event into a single categorical source label and instead treats bedrock, ice, permafrost, meltwater, and
gravitational stress as interacting components of a coupled slope system. Although the precise source
composition remains subject to further independent verification, Li et al. (2026) estimate approximately 12.6
Mm?® of glacier ice, equivalent to about 12% of the ~103 Mm? initial failed mass. This event-specific estimate
provides substantially improved quantitative constraint but should not yet be interpreted as a universal or
definitive partition of the coupled bedrock-glacier failure. No definitive bedrock-to-ice ratio is therefore assigned
for the Nepal event; any current numerical source partition should be regarded as provisional until high-
resolution volume reconstruction, field evidence, and additional remote-sensing analyses provide stronger
constraint.

Long-term glaciological observations provide additional context for evaluating source-region susceptibility.
Silwal et al. (2026) documented fragmentation of Lirung Glacier and earlier disconnection of its debris-covered
lower tongue from the upper glacier. Such geomorphic reorganization is relevant to possible changes in glacier
support, mechanical connectivity, and stability at steep rock—ice interfaces. However, establishing whether these
documented changes directly affected the specific detachment surface involved in the 26 August 2026 event
requires precise spatial correlation and event-specific geomechanical evidence.

4.1.3 Pathway amplification, flow transformation, and river interaction

These quantitative mass-balance estimates provide direct empirical support for the CGDCM distinction among
initial detachment, pathway amplification, and flow transformation. The reconstructed Nepal source volume
(~103 Mm?) is substantially larger than the ~26.9 Mm?* rock-ice wedge documented for Chamoli 2021, although
direct volume comparison should be interpreted cautiously because source compositions and reconstruction
methods differ (Shugar et al., 2021; Van Wyk de Vries et al., 2022). More importantly, the ~36 Mm?* value for
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Nepal represents the remobilized downstream component after major deposition, not the initial source volume.
The observed redistribution from an initial ~103 Mm?* failure to ~67 Mm?® of deposition and ~36 Mm?® of
remobilized debris demonstrates that downstream hazard cannot be inferred from source volume alone; mass
redistribution, glacier impact and entrainment, water incorporation, topographic confinement, and flow-regime
transformation govern the evolving destructive potential of the cascade (Li et al., 2026). The strongest new
process chain evidence concerns progressive entrainment. Guo et al. (2026) concluded that the final destructive
intensity was not determined by the initial source volume alone. During descent through the steep, confined
gully, the moving mass scoured the channel beds and margins and incorporated loose rock, moraine, sediment,
snow, ice, soil, vegetation, and water. Therefore, the transport path became an active source of additional mass
and momentum. This directly supports the CGDCM concept that vertical relief supplies gravitational energy,
confinement maintains flow concentration, and entrainment-driven bulking can nonlinearly enlarge the moving
mass during propagation.

Fragmentation, collision, frictional and impact heating, ice melt, and mixing with river water promoted the
transformation from a rock-ice avalanche into a water-rich debris flow or debris flood. Nepal's hydrological
reconstruction also indicates temporary obstruction or impoundment within the river system, followed by
release, providing a further mechanism for flood-wave amplification (OnlineKhabar, 2026b). Therefore, the
downstream hazard was not simply the original source mass translated downslope; it was a dynamically evolving
multiphase flow whose volume, water content, density, momentum, and peak discharge changed through
interactions with the transport corridor and river network. The relative contributions of frictional or impact melt,
wet sediment, subsurface water, and river water have not yet been quantitatively partitioned. Likewise, the
geometry, duration, impounded volume, and breach dynamics of any temporary channel obstruction remain
incompletely constrained. Accordingly, water-volume partitioning and impoundment/breach amplification are
treated here as provisional event-specific pathways rather than fixed components of the Nepal reconstruction.

4.2 The 2021 Chamoli disaster, Indian Himalaya

4.2.1 Pre-collapse deformation and threshold failure

On February 7, 2021, approximately 26.9-million-meter® of rock and glacier ice detached from the steep north
face of Ronti Peak, dropped approximately 1,800 m to the Ronti Gad valley floor, and propagated into the
Rishiganga and Dhauliganga valleys. The failed wedge was approximately 80% bedrock and 20% glacier ice
(Shugar et al., 2022; Shugar et al., 2021). Therefore, the event was not a glacial lake outburst but a rock-ice slope
failure that subsequently transformed into a destructive debris-rich flow.

Chamoli provides unusually strong evidence of progressive pre-failure instability. Feature tracking and digital
elevation models showed that the eventual failure block moved more than 10 m horizontally and vertically
during the five years preceding the collapse, with particularly rapid motion in the summers of 2017 and 2018
(Van Wyk de Vries et al., 2022). Independent multi-temporal satellite analysis identified late-stage acceleration
with maximum deformation velocities of approximately 0.5 m/day in the days before collapse (Fan et al., 2022).
These observations provide strong empirical support for the CGDCM proposition that catastrophic detachment
represents the terminal stage of progressive geomechanical weakening.

However, the exact threshold-crossing mechanism remains unclear. Van Wyk de Vries et al. (2022) proposed a
combination of snow loading in a deep headwall crack and permafrost degradation in heavily jointed bedrock.
Zhou et al. (2021) emphasized the combined effects of climate and weather. More recent experiments indicate
that freeze-thaw cycling, pore-water pressure fluctuations, meltwater infiltration, and progressive loss of rock-ice
interfacial strength can promote instability (Li et al., 2025). Coupled DDA-SPH simulations further show that
temperature-dependent glacier creep can alter the stress concentration and fracture propagation in the underlying
rock (Wang et al., 2025). These findings strengthen the plausibility of coupled cryosphere-geomechanical
weakening but do not reduce failure to a single climatic trigger.

4.2.2 Flow transformation, entrainment, and secondary hazards

Once detached, the extreme relief converted the gravitational potential energy rapidly into kinetic energy. The
impact on the valley floor generated fragmentation, a large powder cloud, erosion, and progressive entrainment.
The moving mass incorporated river sediment, older deposits, snow, and water as it propagated through Ronti
Gad. Shugar et al. (2021) documented the transformation of the initial rock-ice avalanche into an exceptionally
mobile debris flow that transported very large boulders, scoured valley walls, and severely damaged downstream
hydropower infrastructure.
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Thermomechanical modeling has further refined this mechanism. Munch et al. (2024) represented an avalanche
as interacting rock, ice, snow, and water phases and explicitly modelled frictional heating, phase change, ground
entrainment, and flow regime transition. Their results showed that water is a critical control on mobility, but the
water source cannot be reduced to frictional melting of glacier ice alone; wet sediment, river water, and
subsurface water entrained along the pathway can make major contributions. Relatively small changes in water
content can shift the moving mass from granular or debris-flow behavior to a more mobile hyper-concentrated
flood regime.

Recent studies have reinforced the importance of pathway evolution. Gao et al. (2026), analyzing the 2018
Sedongpu rock-ice avalanche-debris-flow cascade in southeastern Tibet, found that saturated moraine
entrainment could drive a rapid transition from avalanche to water-rich debris flow, independently supporting the
CGDCM emphasis on external water and substrate entrainment. Chamoli also generated branching hazards:
numerical reconstruction indicates avalanche-induced air blasts exceeding 70 m/s and 20 kPa in parts of the
Ronti Gad Valley (Yin et al.,, 2025). These branching effects demonstrate that pathway amplification can
generate multiple interacting hazards rather than a single linear downstream process.

4.3 Comparative process architecture

The two disasters differed in terms of source geometry, evidentiary maturity, and hydrological context. Chamoli
has a well-constrained source volume and composition and a multi-year deformation record, whereas the Nepal
source mechanism is still being refined. Nepal propagated through a transboundary river system over a much
longer downstream reach and provided direct evidence that progressive entrainment over the first approximately
22 km controlled the final intensity. By contrast, Chamoli offers stronger evidence for pre-collapse slope motion
and a more mature thermomechanical simulation of flow regime transformation.

Despite these differences, both events share a higher-order architecture: a cryosphere-modified steep rock-ice
system evolves toward instability; threshold failure releases a high-energy mixed mass; relief and confinement
accelerate the flow; fragmentation, entrainment, melt, and external hydrological availability change the moving
mixture; valley and river interactions amplify mobility and spatial reach; and concentrated downstream exposure
converts the physical cascade into a catastrophe. Table 3 maps both cases onto the same CGDCM domains while

preserving the differences in confidence and mechanism.

Table 3 Comparative application of the CGDCM to Nepal 2026 and Chamoli 2021.

CGDCM d Nepal 2026 Ch li 2021 Comparative interpretation

1. Climatic- Rapidly changing Langtang cryosphere; warm Regional warming, permafrost Supports susceptibility context, not direct
cryospheric spring-summer conditions, meltwater and degradation, snow/ice loading and single-event attribution.

preconditioning possible permafrost degradation. glacier-rock interaction proposed.

2. Cryosphere- Coupled rock-ice instability; possible short- Multi-year deformation, deep Chamoli gives strong empirical support for
geomechanical term precursor mass transfers. headwall crack, jointed bedrock, progressive weakening.

weakening late-stage acceleration.

3. Critical threshold /
trigger

No single proximate trigger identified; intense
rainfall and tectonic earthquake not supported.

Threshold failure after prolonged
deformation; immediate timing
mechanism debated.

Model must distinguish threshold state from
trigger.

4. Rock-ice Recent reconstruction: ~103 Mm? rock-ice ~26.9 million m* rock-ice wedge Both fit coupled rock-ice initiation. Nepal
detachment mass failed near 5,190 m a.s.l., including from Ronti Peak. now has stronger quantitative source
~12.6 Mm? glacier ice (~12%); after ~30 s it constraint, but direct source-volume
struck and entrained a glacier tongue near comparison remains sensitive to
4,010 m, an initial vertical descent of ~1,180 reconstruction method and source
m (Li et al., 2026). composition.
5. Pathway After glacier impact, ~67 Mm? was deposited ~1,800 m initial fall, confined Ronti | Pathway properties strongly control final
amplification and in Chhochen Khola and ~36 Mm?* was Gad, strong erosion and magnitude. Nepal's quantified deposition-
flow bulking remobilized into Lende Khola; progressive entrainment. remobilization partition, together with ~22
entrainment continued along an approximately km of entrainment, shows that downstream
22-km upper-valley corridor (Li et al., 2026; hazard cannot be inferred from initial source
Guo et al., 2026). volume alone.
6. Flow Melt, external water and sediment Rock-ice avalanche transformed to Hydrological availability and river/lake

transformation and
hydro-geomorphic
coupling

incorporation; possible temporary river
impoundment and release.

debris flow/hyperconcentrated
flood; river and wet-substrate water
important.

coupling enlarge hazard beyond source
failure.

7. Exposure and
disaster

Roads, bridges, hydropower, border facilities,
settlements and ecosystems exposed along
narrow valleys.

Two hydropower projects, workers
and valley communities exposed.

Physical cascade becomes disaster through
concentrated valley exposure.

8. Legacy risk

Altered channels, unstable sediment, barrier
lakes and weakened slopes require continued
monitoring.

Persistent channel/sediment
reorganization; broader lessons for
Himalayan preparedness.

Post-event landscape is a new, non-stationary
hazard state.
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5 Discussion

5.1 Comparative interpretation and explanatory performance of the CGDCM

The application of the CGDCM to Nepal 2026 and Chamoli 2021 showed that the two events shared strikingly
similar higher-order process architecture while retaining important differences in source geometry, evidence
quality, and hydrological context. Chamoli provides a stronger record of progressive pre-collapse deformation
and subsequent thermomechanical flow transformation. Nepal provides strong new evidence that a transport
corridor can amplify an event through progressive entrainment over approximately 22 km. Therefore, the two
cases support complementary parts of the model rather than reproducing an identical causal sequence.

The independent, pre-event glacier reconstruction of Silwal et al. (2026) provides a useful test of CGDCM's
explanatory consistency: multidecadal glacier thinning, retreat, fragmentation, and disconnection are compatible
with the climate-conditioned susceptibility processes represented in Stages 1 and 2. However, demonstrating an
event-specific causal role requires source-scale evidence on slope deformation, glacier—bedrock connectivity,
thermal conditions, fracture development, and subsurface water pressures. CGDCM's contribution is to link
established mechanisms into a coherent, testable process chain rather than to infer a unique proximate cause
from regional glacier trends alone.

This comparative performance is consistent with the model's design as an integrative extension of the antecedent
process chain and hazard-interaction science summarized in Section 3.3. The CGDCM does not require every
event to activate every mechanism; rather, it provides a structured way to identify which domains are observed,
which are physically plausible, which are weakly constrained, and where nonlinear amplification occurs. Table 3
summarizes the case-to-model mapping, and Table 1 distinguishes high-confidence observations from
provisional or unresolved event-specific interpretations.

5.2 Climatic preconditioning, event attribution, and emerging institutional evidence

A central distinction in the CGDCM is between long-term climatic-cryospheric preconditioning and the
proximate processes that determine the timing of the catastrophic failure. Anthropogenic warming does not need
to function as an identifiable instantaneous trigger for climate change to be relevant to high mountain process
chains. Instead, sustained warming can progressively modify glacier geometry and buttressing, permafrost
integrity, rock-ice bonding, freeze-thaw regimes, meltwater production, drainage pathways, and stress
distributions. These cumulative changes can move a coupled rock-ice slope progressively closer to a critical
stability threshold. However, once failure occurs, the subsequent magnitude of the disaster may be governed
increasingly by gravitational acceleration, fragmentation, entrainment, hydrological availability, topographic
confinement, river interaction, and downstream exposure. Therefore, the CGDCM separates the climatic
conditioning of susceptibility from the immediate trigger and the later amplification of the cascade.

The broader implications of planetary sustainability and accelerating Himalayan deglaciation for environmental
integrity and Earth-system stability have been extensively examined by Upreti (1994, 2023), emphasizing the
interconnectedness of cryospheric degradation, ecological vulnerability, and the sustainability of coupled human
environment systems. Regional observations strongly support climatic preconditioning domain. In March 2026,
the ICIMOD reported that glacier ice-loss rates across the Hindu Kush Himalaya have roughly doubled since
2000, with some monitored glaciers losing up to approximately 27 m of ice thickness since 1975 (ICIMOD,
2026a). The World Meteorological Organization (2025) reported that Asia is warming nearly twice as rapidly as
the global average, whereas the IPCC identified glacier retreat, declining snow cover, permafrost thaw, and
growing exposure of mountain infrastructure and downstream populations as major climate-sensitive risks
(Adler et al.,, 2022; IPCC, 2022; Shaw et al., 2022). These regional trends strengthen the CGDCM
preconditioning domain but do not, by themselves, establish the immediate trigger for a particular failure.

Recent quantitative evidence from Silwal et al. (2026) provides an important empirical foundation for the
climatic—cryospheric preconditioning component of CGDCM. Their multitemporal reconstruction of glaciers in
the Langtang catchment documented substantial glacier-area loss since the Little Ice Age, with the reported rate
of recession during 2000-2023 approximately 1.5 times of that during 1964-2000. The study also recorded
extensive thinning, fragmentation, separation, and disconnection, persistently negative glacier mass balance after
2000, rising equilibrium-line altitudes, and thinning across steep icefall zones. These observations establish a
sustained evolution in glacier geometry, connectivity, and mass distribution in the wider Langtang catchment
(Silwal et al., 2026).
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From a cryosphere—geomechanical perspective, these changes are consistent with several interacting
destabilization mechanisms represented in CGDCM. Glacier thinning and recession can diminish support to
adjacent rock slopes, redistribute stresses, and expose previously ice-supported rock surfaces to thermal and
hydrological changes. Fragmentation and disconnection can alter ice-flow continuity, while warming of ice-
filled fractures and permafrost and greater meltwater access may reduce shear resistance, promote fracture
propagation, and modify effective stress and basal sliding. Silwal et al. (2026) documented disconnection of the
lower debris-covered tongue of Lirung Glacier from its upper ice body during the late twentieth century,
illustrating such long-term reorganization. However, catchment-scale evidence neither establishes the
mechanical condition of the August 2026 detachment surface nor identifies the proximate trigger. It instead
strengthens the regional empirical basis and physical plausibility of the CGDCM sequence from climatic
preconditioning through progressive weakening and eventual threshold failure.

Event-specific evidence requires the same causal discipline. Guo et al. (2026) found no intense rain trigger for
the Nepal failure and did not identify a single direct trigger, while identifying meltwater availability, glacier
motion, unusually warm conditions, and permafrost degradation as plausible weakening influences. For
Chamoli, multi-year deformation, snow loading, permafrost degradation, rock fracture evolution, and glacier-
rock interaction are plausible contributors; however, no single climatic variable uniquely fixes the time of
collapse (Van Wyk de Vries et al., 2022; Zhou et al., 2021). Therefore, the scientifically defensible interpretation
is that climate change can increase or redistribute susceptibility, even when the attribution of the precise failure
time remains unresolved.

This distinction is increasingly reflected in Nepal's emerging institutional response to the 2026 catastrophe. The
Ministry of Energy, Water Resources, and Irrigation initiated a multidisciplinary scientific investigation that
treated the Rasuwa-Bhote Koshi event as a potential cascading disaster rather than a conventional rainfall-driven
flood. The proposed investigation is expected to first reconstruct the source processes and event chronology, then
evaluate interactions among glacier and rock-slope instability, mass movement, debris-flow transformation,
river-system propagation, and downstream impacts, and only thereafter assess the possible contribution of
anthropogenic climate change (Baahrakhari, 2026). This staged investigative strategy is scientifically important
because it separates physical process reconstruction from climate attribution. Although the government initiative
does not validate the CGDCM, its methodological logic independently converges with the framework's
distinction between climatic preconditioning, cryosphere-geomechanical destabilization, threshold failure, and
subsequent geomorphic hydrological amplification.

5.2.1 Exceptional antecedent thermal conditions

A preliminary meteorological reconstruction provides quantitative evidence of exceptional thermal conditions
immediately preceding the 26 August 2026 rock—ice slope failure. Robert Rohde, chief scientist at Berkeley
Earth, estimated air temperatures at the approximately 5,200-m failure site using the Copernicus ERAS
reanalysis dataset in combination with observations from 14 high-altitude meteorological stations located
between 9 and 140 km from the collapsed glacier. The reconstruction indicated a mean temperature of
approximately 5°C during 21-26 August, higher than any estimate for the corresponding six-day interval in more
than 55 years of available records, during which temperatures had not previously exceeded 4°C. Rohde further
estimated that the mean temperature for this six-day period at the failure site had increased by approximately
1.8°C since the mid-twentieth century. Without the additional warming associated with anthropogenic climate
change, he calculated that a comparable temperature pattern “would probably occur only once in a few thousand
years” (Agence France-Presse, 2026).
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Monthly Temperature Anomalies at the Langtang Lirung
Collapse-Site Grid Cell, 1940-2026
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Figure 2. Monthly temperature anomalies at the collapse site relative to the 1961-1990 baseline, 1940-2026.
Data from Hausfather (2026b); ERAS5 reanalysis (Hersbach et al., 2020).

These findings support the interpretation of anomalous high-altitude warmth as a potentially important
component of climatic preconditioning within the CGDCM. Nevertheless, because the reconstruction does not
establish a direct causal relationship between the thermal anomaly and the slope failure, its principal evidentiary
significance lies in documenting exceptionally strong antecedent thermal forcing. More definitive attribution will
require process-based evidence demonstrating how elevated temperatures contributed to accelerated snow and
ice melt, meltwater infiltration, permafrost degradation, fracture propagation, and the progressive weakening of
the coupled rock—ice system.

A central scientific question is whether, and to what extent, climatic preconditioning shifts the probability
distribution governing high-mountain glacier slope stability by progressively degrading the mechanical integrity
of coupled rock—ice—permafrost systems. Establishing this relationship requires rigorous reconstruction of the
event chronology and physical process chain, supported by multitemporal observations and process-based
modeling capable of quantifying how glacier thinning and retreat, permafrost warming and degradation,
enhanced meltwater infiltration, and evolving thermal and hydrological regimes modify stress distributions,
fracture propagation, material strength, and, ultimately, the likelihood of threshold failure. It is in this context
that the CGDCM offers a valuable integrative and analytical framework for systematically investigating,
reconstructing, and interpreting the complete evolution of high-mountain cascading disasters from climatic
preconditioning and progressive cryosphere—geomechanical destabilization through threshold failure, mass-
movement transformation, geomorphic—hydrological amplification, and catastrophic downstream consequences.

5.3 Five testable propositions

PI1: Climatic-cryospheric susceptibility. Long-term warming can alter glacier geometry, snow persistence,
permafrost temperature, meltwater pathways, and rock-ice mechanical boundary conditions, thereby increasing
or redistributing susceptibility without necessarily determining the precise time of failure. This proposition is
strongly supported regionally but remains only moderately constrained for the timing of the two events.

P2: Progressive weakening may be observed. Where failure develops through cumulative deformation rather
than instantaneous rupture, remote sensing, seismic, or geotechnical observations may reveal precursory motion
or intermittent mass transfer. Chamoli provides strong support through multi-year displacement and late-stage
acceleration, and Nepal provides provisional support through reported anomalous tremors before the main
collapse.
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P3: Pathway amplification decouples the impact from the source volume. Vertical relief, topographic
confinement, entrainment potential, and hydrological availability can increase the mass, momentum, mobility,
and destructive potential during runout; therefore, downstream magnitude cannot be inferred from the source
volume alone. Nepal strongly supports this proposition through the Guo et al. (2026) reconstruction, and the
2016 Bhote Koshi and Sedongpu events provide independent process-level support (Gao et al., 2026; Liu et al.,
2020).

P4 - Hydrological availability governs the flow regime transition. Frictional melting, snow/ice melt, wet
sediment entrainment, river water, groundwater, and transient lake water can transform granular rock-ice
avalanches into debris flows or hyperconcentrated floods. Chamoli thermomechanical modeling provides strong
support, while Nepal is consistent with the proposition but still lacks an equivalent quantitative partitioning of
water sources.

P5 - Disaster magnitude and persistence depend on exposure and legacy changes. The physical cascade
becomes a societal catastrophe through interactions with people and infrastructure, whereas post-event sediment
storage, altered channels, barrier lakes, and unstable slopes create a new risk state. Both Nepal and Chamoli
support the exposure component, and the longer-term legacy component requires continued monitoring.

5.4 Transferability and falsifiability

The Nepal Bhote Koshi and India Chamoli comparison provides support for the transferability of the CGDCM,
but it should not be described as a formal validation. Both cases were known during the model formulation and
therefore functioned as comparative applications and consistency tests. Broader validation will require
prospective use or application to additional events whose process sequences were not used to construct the
framework. Transferability should therefore be evaluated at three distinct levels: (1) a transferable process
architecture that organizes source, pathway, river, exposure, and legacy domains; (2) event-specific pathway
activation and sequencing; and (3) site-specific quantitative thresholds that require calibration against local
geomorphic, cryospheric, hydrological, and monitoring baselines.

The CGDCM is intended as a process-based framework for high-mountain cascading hazards in which climatic,
cryospheric, geomechanical, geomorphic, and hydrological processes interact across source, pathway, and
downstream domains. It is particularly applicable to cascades initiated within coupled rock-ice-glacier-
permafrost terrain, but selected process domains may also apply to GLOFs, rainfall- or meltwater-triggered
debris flows, landslide-dam failures, and tectonically triggered slope collapses where comparable entrainment,
flow transformation, river interaction, downstream amplification, exposure, or legacy-risk processes occur. This
bounded but flexible scope permits broader comparative use without treating the CGDCM as a universal model
of all mountain hazards.

The model is falsifiable at the level of event-specific pathways. If future field and remote-sensing evidence from
Nepal demonstrates negligible bedrock involvement, the initiation interpretation should shift toward an ice-
dominated failure without invalidating downstream stages. If temporary river damming is not confirmed, the
river interaction pathway should emphasize direct mass-water transfer rather than breach amplification.
Conversely, verified pre-failure deformation, permafrost warming, meltwater pressurization, or repeatable
seismic precursors would strengthen the weakening and threshold domains of the fault. Therefore, the CGDCM
is a structured analytical framework, not a predetermined narrative. Therefore, transferability should be
evaluated within the model's declared scope rather than by asking whether every Himalayan flood reproduces the
complete CGDCM sequence. A convincing test is whether independent rock-ice cascade events can be mapped
onto the defined domains without forcing absent mechanisms and whether the framework makes observations or
process relationships that can subsequently be rejected. This bounded form of transferability is more
scientifically useful than treating models as universal templates.

5.5 Regional analogue evidence and boundary testing

The wider Himalayan record shows that cascade amplification can occur under different initiating mechanisms.
The 1981 Cirenmaco/Zhangzangbo GLOF demonstrated long-standing transboundary exposure in the Bhote
Koshi corridor, whereas the 2016 Bhote Koshi event showed strong downstream amplification of a
comparatively small lake release through sediment entrainment (Lamichhane et al., 2021; Liu et al., 2020).
These cases support pathway amplification and exposure mechanisms without implying source-mechanical
equivalence to Nepal 2026 or Chamoli 2021. The 2024 Thame event provides a contrasting boundary case in
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which a rock avalanche struck a glacial lake, generated a displacement wave, and breached the lake (ICIMOD,
2025). The July 2025 Lhende-Rasuwagadhi flood, traced to transient supraglacial-lake drainage upstream of the
Nepal-China border, likewise demonstrated rapid transboundary propagation with little useful local rainfall
signal (Stimson Center, 2025, 2026). Such cases show that different cryosphere sources can converge on
common downstream amplification and exposure processes.

Regional recurrence also has a predictive significance. Third Pole modeling projects an increasing GLOF risk
under continued deglaciation, especially in transboundary mountain regions (Zheng et al., 2021), while Rather et
al. (2026) emphasized the need for integrated monitoring and adaptation for rapidly changing Himalayan glacial-
lake systems. The broader implication of the CGDCM is that hazard baselines are non-stationary and must be
assessed dynamically across sources, pathways, and exposed systems.

5.6 Monitoring and predictive implications

The central operational implication is a shift from isolated hazard inventories to integrated source-pathway-river-
exposure monitoring. Source areas require repeated observations of slope displacement, glacier motion,
permafrost temperature, snowmelt conditions, fractures, and drainage anomalies. Transport corridors require
mapping of relief, confinement, erodible sediments, water sources, and potential dam sites. Downstream systems
require redundant seismic and hydrological detection, impact-based warnings, evacuation planning, and
exposure analyses. Table 4 links the CGDCM domains to observable indicators and decision functions. Glacial
lake inventories remain indispensable but are insufficient alone. GAPHAZ (2017) and regional inventories
provide a foundation for surveillance; however, Nepal 2026 and Chamoli show that catastrophic cascades can
begin on unstable rock-ice slopes without a large pre-existing lake. Therefore, monitoring should extend to
hanging glaciers, permafrost-affected rock walls, slope deformation, unstable sediment stores, constricted
channels, and potential transient dam sites (Rather et al., 2026; Adler et al., 2022; Bajracharya et al., 2020).

Quantitative operationalization follows a three-level logic. First, each CGDCM domain is linked to measurable
variables in explicit units, including temperature and temperature trend, snow-cover duration, glacier mass
balance and velocity, slope displacement and acceleration, source volume, flow velocity, river stage and
discharge, entrainment ratio, and sediment-water characteristics. Second, event-specific empirical values are
used as diagnostic examples: Chamoli exhibited more than 10 m of cumulative pre-collapse displacement over
five years and late-stage velocities of approximately 0.5 m/day, whereas Nepal analyses reported post-
detachment flow velocities of approximately 40-50 m/s (Van Wyk de Vries et al., 2022; Fan et al., 2022; GFZ
German Research Centre for Geosciences, 2026). Third, operational alert thresholds should be calibrated to site-
specific seasonal and long-term baselines and should emphasize acceleration, persistence, and convergence
among independent signals. Because lithology, fracture geometry, glacier configuration, permafrost state,
hydrology, and sensor resolution vary substantially among Himalayan slopes, these empirical examples should
not be interpreted as universal failure thresholds.

Chamoli illustrates both the promise and the limits of precursor monitoring. Multi-year deformation was visible
retrospectively, but the failure timing could not be predicted reliably from satellite data alone (Van Wyk de Vries
et al., 2022). Nepal's precursor tremors are even less mature as warning signals. Therefore, operational systems
should use probabilistic multi-sensor screening, including optical imagery, INSAR, GNSS, seismic, thermal, and
hydrometeorological observations, rather than deterministic predictions from a single threshold variable (Ahmed
et al., 2026).

Pathway monitoring is equally important because entrainment can govern the magnitude of a disaster after
detachment. High-risk assessments should include unstable source volume, valley geometry, sediment
availability, channel moisture, river discharge, damming potential, and exposed infrastructure. This source-
pathway-exposure logic is the principal practical consequence of the CGDCM.
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Table 4 Quantitative operationalization, testable observables, and decision implications of the CGDCM.

CGDCM component

Measurable indicators /
metrics

Transition diagnostic /
quantitative example

Operational implication

Climatic-cryospheric
preconditioning

Air/ground temperature (°C;
trend °C/decade); snow-cover
duration (days/year); glacier area
(% change), mass balance (m
w.e./year) and velocity (m/year);
permafrost/rock temperature
°0).

Persistent departures from local
seasonal or decadal baselines
indicate changing susceptibility;
no direct event-timing threshold
is implied.

Cryosphere observatories;
dynamic susceptibility baselines
and trend maps.

Cryosphere-geomechanical
weakening

Crack opening (mm/day);
InSAR/GNSS displacement
(mm-m), velocity and
acceleration; glacier-velocity
anomaly (% or m/day); rock
temperature; drainage or pore-
pressure anomalies.

Acceleration or persistent
deformation above site
background. Chamoli example:
>10 m displacement over five
years and ~0.5 m/day shortly
before failure; event-specific,
not universal.

Multi-sensor source-area
surveillance; site-calibrated
anomaly thresholds.

Threshold / proximate trigger

Velocity acceleration (dV/dt);
seismic/acoustic event rate,
amplitude or energy, and
spectral change; melt/rainfall
intensity; drainage or pore-
pressure change where
instrumented.

Convergence of multiple
anomalies and rapid acceleration
relative to the local baseline is
more diagnostic than any single
cutoff.

Probabilistic multi-parameter
alerts; escalation rules
calibrated to local history.

Detachment and rapid
acceleration

Seismic source parameters;
optical change; source volume
(m?*); vertical drop (m);
trajectory; velocity (m/s).

Rapid mass-transfer signature
and abrupt kinematic change.
Nepal example: ~40-50 m/s after
detachment; this is not a pre-
failure threshold.

Automated mass-movement
detection; rapid notification and
downstream warning.

Pathway amplification and flow
bulking

Relief/drop (m); confinement;
erodible sediment volume (m?);
scour/deposition from DEM
differencing; flow width/depth;
entrainment ratio E =
Vdownstream/Vsource or
AV/Vsource.

E > 1 or increasing volume
along runout indicates bulking;
magnitude is event-specific.
Nepal: progressive entrainment
over an approximately 22-km
upper-valley corridor.

Map amplification corridors and
sediment stores, not source
zones alone.

Hydrological availability and
flow transformation

Water volume/fraction (% or
m?); wet-substrate moisture;
ice/snow melt; sediment
concentration (vol.% or mass%);
density (kg/m?);
velocity/discharge; flow-regime
indicators.

Transitions among granular
avalanche, debris flow, debris
flood, and hyperconcentrated
flow should be inferred from
measured or modelled water-
sediment state; no universal
concentration cutoff is
prescribed.

Multiphase modelling; water-
source partitioning; wet-
sediment inventories.

River interaction

River stage (m), rate of rise
(m/min), discharge (m*/s);
temporary-dam height/volume;
impounded volume (m?); breach
timing; gauge loss; channel
change.

Abrupt stage/discharge anomaly
or verified impoundment/breach
may mark renewed
amplification; thresholds are
reach-specific.

Barrier-lake detection;
redundant gauges; breach
scenarios and automated alarms.

Exposure and legacy risk

Exposed population/assets;
infrastructure density and
downtime; post-event DEM
change; sediment storage (m?);
new-lake area/volume; repeat
slope movement.

Impact scales with exposed
receptors; persistent geomorphic
change or renewed movement
indicates a shifted post-event
hazard baseline.

Risk-sensitive land use;
recovery design; multi-season
post-event monitoring.

7 Risk governance, infrastructure, and climate-equity implications

Both cases demonstrate the vulnerability of hydropower, roads, bridges, and human settlements concentrated
within confined Himalayan valleys. Hazard governance should therefore require cryosphere-cascade screening in
infrastructure design and environmental assessment, dynamic rather than static hazard maps, redundant warning
systems, and multi-season post-event monitoring. The transboundary nature of the 2026 Nepal cascade
additionally requires standing data-sharing protocols for glacier and slope motion, seismic signals, weather, river
discharge, barrier lake formation, and satellite alerts. The Regional Cryosphere Strategy for the HKH provides a
basis for harmonized monitoring and shared decision-making (Muhammad et al., 2026).

A practical policy architecture follows from this source-pathway-exposure logic and multi-hazard principles
(Gill and Malamud, 2014; Kappes et al., 2012). Nepal should develop an integrated cryosphere-hazard
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observation capability combining optical and radar remote sensing, InSAR, seismic monitoring, weather and
river stations, glacier-velocity observations, cameras, drones, and anomaly detection. Transboundary basins
require standing Nepal-China data protocols for slope, glacier, lake, seismic, meteorological, and discharge
information, with downstream communication to India, where relevant (Lamichhane et al., 2021). Hazard maps
should represent interacting cascades rather than isolated sectors such as floods, landslides, and GLOFs.

Infrastructure policy should move from historical design floods to lifetime multi-hazard risks. Hydropower,
highways, bridges, border facilities, tourism nodes, and settlements in confined valleys should be screened for
rock-ice avalanches, GLOFs, landslide dams, sediment waves, road isolation, and communication failures (Adler
et al., 2022; IPCC, 2022; Lamichhane et al., 2021). Risk zoning should identify debris-flow and flood-corridor
red zones, and reconstruction should avoid recreating the exposure. Hydropower design should incorporate
emergency egress, redundant communications, upstream alarms, and rehearsed evacuation, reflecting a non-
stationary cryosphere, rather than historical conditions alone (Shaw et al., 2022).

This risk-based approach should be paired with redundant last-mile warnings. Satellite and seismic detection
must be rapidly connected to cell broadcasts, sirens, radios, satellite communications, mapped evacuation routes,
and local drills. The July 2025 Rasuwagadhi event demonstrated the vulnerability of this transboundary corridor
before the 2026 catastrophe (Stimson Center, 2025, 2026). Therefore, treating such events as institutional
memories rather than isolated anomalies is central to adaptive governance.

For Nepal, these requirements also have a climate equity dimension. Nepal contributes only a very small share of
global greenhouse gas emissions while facing high exposure to glacier loss, permafrost change, floods, and
landslides (Government of Nepal, 2025; World Bank, 2022). International adaptation and Loss and Damage
support for cryosphere observation, warning systems, and resilient reconstruction are therefore scientifically and
ethically relevant, although the Paris Agreement does not establish liability or compensation through Article 8
(UNFCCC, 2016). A concise mountain-risk case can appropriately inform Nepal's COP31 diplomacy.

5.8 Limitations and research priorities

The principal limitation of this study is the temporal proximity of the Nepal event. Guo et al. (2026) provided an
important peer-reviewed reconstruction; however, complete field-based geotechnical, geomorphological,
hydrological, and climate-attribution studies remain unavailable. Source composition, the relative timing of
bedrock and glacier detachment, the volume of internally generated versus externally acquired water, the
magnitude of entrainment, and the role of transient impoundment require further investigation. Chamoli is better
constrained but retains uncertainties in heat transfer physics, initial water content, substrate saturation, and the
hydrometeorological state of the entrainment layers (Munch et al., 2024). The quantitative values reported in this
paper and summarized in Table 4 are therefore used as measurement examples or event-specific diagnostics, not
as universal Himalayan failure thresholds. The recently initiated Government of Nepal multidisciplinary
investigation is therefore particularly timely and may provide the critical field, geomorphic, hydrological, and
climate-attribution evidence needed to evaluate these unresolved aspects of the event (Baahrakhari, 2026). The
historical and regional cases used here also have a specific methodological limitation: they are not assumed to
share the same source mechanics as the Nepal 2026 or Chamoli 2021. Their role is to test individual mechanisms
and model boundaries, especially entrainment, lake/river interaction, transboundary propagation, infrastructure
exposure, and legacy risk, rather than inflating the number of apparent CGDCM applications.

These unresolved questions, together with the newly initiated national investigation, define several priority
research areas. These include high-resolution comparisons of pre- and post-event Digital Elevation Models
(DEMs) to quantify terrain change, erosion, deposition, and displaced material volumes; seismic wave form
inversion; thermo-hydro-mechanical modeling of rock-ice interfaces; multiphase entrainment and runout
modeling; field-based sediment budgets; reconstruction of transient dams and water sources; and long-term
permafrost and rock temperature monitoring. Climate-attribution studies should focus on how climatic warming
alters the probability of destabilizing preconditions rather than simplistic single-event causation. Comparative
application to additional well-documented events, including Sedongpu and future rock-ice avalanches, will be
necessary before the CGDCM can be regarded as a broadly validated predictive framework.

6 Conclusions

The August 2026 Bhote Koshi-Trishuli catastrophe and the February 2021 India Chamoli disaster cannot be
adequately understood using single-hazard labels. Nepal catastrophe was not a conventional local rainfall flood,
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and Chamoli was not a glacial-lake outburst. Both began with instability in high-altitude rock-ice systems and
evolved through gravitational, geomorphic, and hydrological transformations into destructive downstream flows.

The CGDCM is explicitly rooted in prior multi-hazard interactions, glacier-permafrost hazards, high-mountain
process chains, rock-ice mechanics, and multiphase-flow research. Its contribution is not the invention of the
individual mechanisms but their integration into a bounded causal architecture linking climatic-cryospheric
preconditioning, progressive cryosphere-geomechanical weakening, critical-threshold crossing, detachment,
pathway amplification, hydro-geomorphic transformation, exposure, infrastructure cascade and legacy risk.
Within this architecture, climatic warming is treated principally as a cumulative conditioner of susceptibility,
capable of altering glacier support, permafrost integrity, rock-ice bonding, meltwater pathways, and slope
stability, rather than as an assumed instantaneous trigger of failure. Within this architecture, climate change is
treated principally as a conditioning influence on susceptibility rather than as a necessary instantaneous trigger.
Sustained warming can progressively alter glacier support, permafrost integrity, rock-ice bonding, meltwater
pathways, and slope stability, moving a coupled mountain system toward a critical threshold without uniquely
determining the timing of failure. This distinction provides a more defensible basis for climate attribution in
complex cascading disasters and is consistent with Nepal's newly initiated staged scientific investigation of the
2026 event (Baahrakhari, 2026). Independently documented multidecadal glacier thinning, fragmentation, and
disconnection in the Langtang catchment provide regional empirical support for the climate-conditioned
susceptibility mechanisms represented in CGDCM, although event-specific causal attribution remains an
important subject for further investigation (Silwal et al., 2026).

The comparative cases support different aspects of this architecture. Chamoli provides strong empirical evidence
for progressive pre-collapse deformation and quantitative thermomechanical evidence of water-mediated flow-
regime transformation. The Nepal reconstruction quantitatively corroborates the CGDCM by showing that a
~103 Mm?® source failure was substantially redistributed and remobilized downstream, demonstrating that
cascade evolution, not source volume alone, governs final disaster magnitude. Newly available evidence from
Nepal provides especially strong support for the proposition that progressive entrainment and hydrological
availability along the transport corridor can determine downstream intensity independently of initial source
volume. Historical Bhote Koshi, Thame, Sedongpu, and other regional examples further demonstrate that similar
amplification mechanisms can recur under different source processes while defining the boundaries of the model.

Five propositions make the framework testable: climate-conditioned susceptibility should evolve independently
of the exact trigger timing; progressive weakening may produce observable precursors; pathway amplification
can decouple the impact from the source volume; hydrological availability can control flow-regime transition;
and disaster magnitude and persistence depend on exposure and post-event landscape change. These propositions
can be evaluated using remote sensing, geotechnical and seismic observations, multiphase numerical modeling,
sediment budgets, and prospective event comparisons. Their operationalization should combine measurable
physical variables with site-calibrated baselines and multivariate anomaly detection rather than universal
numerical failure cutoffs.

Operationally, the CGDCM implies that risk management must monitor the complete source-pathway-river-
exposure system rather than only glacial lakes or downstream river levels. Dynamic cryosphere observation,
multi-hazard mapping, pathway and sediment inventories, redundant early warning, cryosphere-sensitive
infrastructure design, transboundary data sharing, and multi-season legacy-risk monitoring are therefore integral
to anticipatory risk governance in the Himalayan region. A central scientific and risk-governance question is not
only where and under what conditions a high-altitude glacier rock—ice mass may fail, but also how topographic
confinement, sediment entrainment, water availability, and downstream channel interactions may transform and
amplify the initial failure and how society can interrupt its progression from cascading hazard to catastrophe
through monitoring, early warning, risk-sensitive land-use planning, and disaster preparedness.
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