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Abstract

Cascading hazards in high-mountain environments can evolve rapidly from slope failure
to destructive downstream flooding, challenging conventional early-warning systems.
The 26 August 2026 Langtang Lirung rock—ice avalanche and subsequent flood cascade
along the Bhote Koshi-Trishuli corridor were examined through a retrospective synthesis
of seismic, terrain, hydrological and documentary evidence. Event chronology reconstruc-
tion and reach-based analysis yielded apparent celerities of 47.3, 20.9 and 6.0 m s across
successive reaches of 22, 44 and 130 km. Propagation over the approximately 196 km cor-
ridor occurred within 6 h 43 min of the catalogued seismic marker. Deterministic sensitiv-
ity analysis preserved the downstream decline in celerity under the specified timing and
distance perturbations, although uncertainty in event initiation, flow formation and ob-
servational timing limits hydraulic interpretation. The warning-chain assessment identi-
fied insufficient evidence to verify end-to-end operational capability. A two-stage frame-
work is proposed, which combines evidence-based hazard screening, operational readi-
ness, scenario development and direct emergency escalation.

Keywords: Nepal Himalaya; Langtang Lirung; Bhote Koshi and Trishuli corridor; rock
and ice avalanche; hazard cascade; multi-hazard early warning; evidence provenance

1. Introduction

High-mountain floods can arise from glacial water storage, slope instability, or inter-
actions among multiple processes. Global estimates indicate substantial downstream ex-
posure to glacial lake outburst floods [1], but lake inventories capture only one class of
potential source. Effective warning therefore depends on recognising alternative initiation
mechanisms and the pathways through which hazards propagate downstream.

The 2021 Chamoli rock—ice avalanche and the 2012 Seti River disaster illustrate how
high-mountain mass movements can transform into destructive downstream flows [2,3].
Both events highlight the roles of entrainment, water availability, sediment mobilisation
and channel confinement in cascade development. Their relevance to Langtang Lirung
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lies in these process interactions rather than in direct analogy: differences in source con-
ditions, water contribution, observational coverage and exposure limit the transferability
of event-specific precursors or mechanisms.

Recent research and international guidance increasingly treat cascading mountain
hazards as interconnected processes requiring coordinated assessment and response [4-
7]. Animportant challenge is translating incomplete and uneven evidence into operational
warning decisions. Evidence provenance, propagation uncertainty and warning-system
capability are therefore considered together here to examine how physical hazard evolu-
tion relates to the time and information available for protective action.

The 26 August 2026 Langtang Lirung event provides a recent case for examining
these relationships along the Bhote Koshi-Trishuli-Narayani corridor in the Nepal Hima-
laya. Event chronology, reach-based apparent celerity and warning-system evidence are
reconstructed from available seismic, terrain, hydrological and documentary records. The
July 2025 supraglacial lake outbursts near the China-Nepal border provide relevant trans-
boundary context [8] but represent a distinct hazard process. No specific climatic or cry-
ospheric mechanism is assigned to the 2026 event without supporting site-level evidence.

The analysis focuses on four interrelated aspects: the chronology of the cascade, the
consistency and sensitivity of downstream propagation estimates, the processes sup-
ported by the available hazard evidence, and the implications for multi-hazard early
warning. Documentary and observational records are evaluated alongside deterministic
sensitivity tests to distinguish reported observations, derived estimates and unresolved
interpretations.

2. Materials and Methods

The reported source area is situated on the northern flank of Langtang Lirung in
Rasuwa District, Nepal. The terrain analysis encompassed a rectangular domain extend-
ing from 85.4900° to 85.5308° E and 28.2767° to 28.3127° N (Figure 1), covering approxi-
mately 15.99 km?. This analytical domain is distinct from the reported area of surface dis-
turbance (approximately 10 km?) and the estimated terminal detachment area (approxi-
mately 0.56 km?). These spatial measures represent different components of the event and
are therefore treated separately in the analysis.

The event reconstruction draws on documentary records, terrain information, the re-
viewed USGS seismic catalogue entry [9], and event and response information reported
in the Rapid Damage and Needs Assessment (RDNA) [10]. The USGS catalogue identifies
the magnitude 5.2 seismic signal as a landslide event, providing the principal temporal
reference for reconstruction of the event chronology. Hydrological information from the
RDNA was interpreted alongside the available event records; however, the underlying
hydrograph and original station datasets were unavailable for independent verification.
Reported observations and independently derived quantities are identified separately
throughout the analysis.

Remote-sensing sources were assessed in relation to the specific variable examined,
acquisition date, spatial resolution, cloud conditions, viewing geometry, accessibility and
reproducibility. Optical imagery from Landsat, Sentinel-2, PlanetScope and Gaofen-1 pro-
vides complementary information for characterising surface conditions and geomorphic
change, whereas Sentinel-1 radar observations offer cloud-independent coverage. Inter-
pretation of radar observations in steep, snow- and ice-covered mountain terrain never-
theless requires consideration of geometric distortion, including layover and shadow, as
well as speckle and reduced coherence over dynamically changing surfaces [11]. The re-
mote-sensing evidence available for this study was therefore used primarily to support
spatial and contextual interpretation rather than independent quantitative reconstruction
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of surface displacement. Satellite imagery processing and visualisation were undertaken
using Google Earth Engine, while final cartographic products were prepared in QGIS.
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Figure 1. Geographic location and topographic setting of the Langtang Lirung study area: (a) study
area location within Nepal and its regional context; (b) Langtang Lirung Glacier and the identified
avalanche source area; (c) regional geomorphic setting highlighting the reported avalanche initia-
tion zone (green zone); and (d) three-dimensional view of the northern slope of Langtang Lirung.

Source: Authors.

2.1. Event Reconstruction and Analytical Framework

The analytical framework comprises event chronology, evidence-provenance assess-
ment, terrain characterisation, propagation analysis, deterministic sensitivity testing, haz-
ard classification and evaluation of early-warning capacity (Figure 2). Documentary and
observational records established the temporal sequence and provenance of individual
observations. Reported arrival times, channel distances and elevation differences pro-
vided the inputs for the reach-based calculations. Sensitivity tests quantified the influence
of timing, distance and terrain assumptions on the derived estimates. The reconstructed
cascade subsequently informed the early-warning assessment.

The event chronology was reconstructed from the reviewed USGS landslide record
[9] and the available documentary observations of downstream arrivals. The USGS seis-
mic signal at 02:52:10 UTC (08:37:10 Nepal time) was adopted as the temporal reference
for the analysis. Subsequent reported arrivals occurred at Rasuwagadhi at 08:44:55,
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Betrawati at approximately 09:20 and Devghat at approximately 15:20 (Table 1). Because
these observations originate from sources with different levels of temporal precision and
independent verification, each time marker was assigned an evidence-provenance cate-
gory reflecting the quality of the underlying record rather than statistical confidence.

Table 1. Chronology and provenance of observations used in the event reconstruction.

Marker

Nepal Time (26 August 2026) Source/Provenance Grade Selected Stress

Origin seismic marker

USGS reviewed landslide entry [9];

08:37:10 (02:52:10 UTC) not a tectonic earthquake or sepa- A +30 s

rately timed fracture

Rasuwagadhi arrival

CCTV time reported in the supplied
08:44:55 manuscript; original synchronisa- B 60 s
tion unavailable

Betrawati arrival

Approximately 09:20

Supplied secondary observer/sta-

. - C +5 min
tion compilation

Devghat arrival

Approximately 15:20

Supplied secondary observer/sta-

. . C +5 min
tion compilation

Note: Category A denotes a reviewed catalogue record; Category B denotes a precisely reported
timestamp for which independent clock synchronisation could not be established; and Category C
denotes an approximate time derived from secondary documentation. These categories describe

evidence provenance and do not represent statistical confidence levels.

The propagation corridor was divided into three successive reaches of approximately
22, 44 and 130 km on the basis of the available event reconstruction. Reach-averaged ap-
parent celerity between consecutive observation points was calculated as Equation (1):

d;j
ACED o
where ¢;; is the apparent celerity between locations i and j, d;; is the corresponding reach
distance, and t; and t; are the respective observation times. The calculated quantity rep-
resents the average rate of downstream propagation between observation points and is
distinguished from local flow velocity or a hydraulically calibrated routing parameter.

The sensitivity of the celerity estimates to uncertainty in event timing and reach dis-
tance was examined using deterministic perturbation analysis. Timing perturbations of
£30 s for the seismic reference, +60 s for Rasuwagadhi, and +5 min for both Betrawati and
Devghat were applied to reflect the differing temporal precision of the source records. A
+5% perturbation in reach distance was additionally evaluated.

The principal assumptions and sensitivity parameters applied to the event recon-
struction are summarised in Table 2. The analysis distinguishes uncertainty associated
with event chronology and spatial measurements from uncertainty arising from unavail-
able primary observations. This distinction is important because deterministic perturba-
tion of reported values evaluates the sensitivity of derived quantities but does not provide
empirical estimates of measurement error.

Table 2. Principal assumptions and sensitivity parameters used in the analysis.

Parameter

Analytical Basis Sensitivity Treatment Principal Uncertainty

Event chronology

USGS seismic marker and re- +30s, #60 s and +5 min ac- Event initiation relative to seismic de-
ported downstream arrivals  cording to evidence source  tection and clock synchronisation

Propagation dis- Reach lengths of 22, 44 and 130

tance

Km +5% Channel-distance measurement
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Terrain profile

Elevations of 5200, 2930, 1831 Terrain resolution and spatial regis-

+10 m at segment endpoints

and 1428 m tration

Corridor width

Reported pre-event and post-
event width ranges

Image registration and cross-section

+ k
+30 m per ban comparability

Detachment area

Reported estimate of approxi- Treated as an approximate
mately 0.56 km? value

Source-boundary delineation

Hydrological re- Available documentary infor- No quantitative sensitivity ~Hydrograph, rating curve, baseflow

sponse

mation applied and integration period

Warning-system
assessment

Documentary evidence of
warning capabilities formance data

Operational records and system-per-
Evidence-based classification P y p

Propagation time defines the maximum physical interval potentially available for
downstream warning and protective action; however, it does not represent effective warn-
ing lead time. Operationally usable lead time was therefore conceptualised as Equation

2)
Lusable = (tarrival - tdetection) - (Ldecision + Ldelivery + Lmobilisation) (2)

where t,prival — tdetection F€pPresents the interval between effective event detection and
downstream arrival, while Lgecisions Ldelivery, @d Liobilisation T€present the time required
for interpretation and decision-making, warning dissemination, and protective action, re-
spectively. As these operational latencies were not systematically recorded for the event,
the reconstructed propagation times are interpreted as upper bounds on potential re-
sponse time rather than realised warning lead times.

2.2. Terrain, Mapping and Hydrological Analysis

The terrain profile was characterised using reported elevations of approximately
5200, 2930, 1831 and 1428 m at the source area, Lhende, Rasuwagadhi and Syaprubesi,
respectively. Corresponding profile-segment lengths were approximately 8, 15 and 14.6
km. Mean longitudinal gradient for each segment was calculated as Equation (3):

Zy — Zq

§ =100~ ®)

where z, and z; denote upstream and downstream elevations and d is the corresponding
segment length. These terrain-profile segments were analysed independently of the 22, 44
and 130 km reaches used for propagation analysis because the two sets of distances rep-
resent different spatial units.

Terrain characteristics were further informed by slope statistics derived from Coper-
nicus DEM GLO-30 using a Horn-based terrain method [12]. Within the 15.99 km? analyt-
ical domain, the available terrain information reported a mean slope of 38.4°, a median of
37.7° and a maximum of 79.5°. HydroSHEDS information provided supplementary drain-
age context but was not used to reconstruct the complete 196 km propagation corridor.

Sensitivity of the longitudinal gradients to elevation uncertainty was examined by
applying +10 m perturbations to opposing segment endpoints, equivalent to a maximum
+20 m perturbation in elevation difference. This analysis evaluates the sensitivity of reach-
scale gradients to endpoint elevation variation and does not represent a spatially distrib-
uted DEM-error model.

Geomorphic change was examined using reported pre-event corridor widths of 100
300 m and post-event widths of 900-1300 m. Positional sensitivity was assessed using a
+30 m perturbation at each channel margin, equivalent to +60 m in total width. Because
the reported ranges do not represent spatially matched cross-sections, they were evalu-
ated as indicators of the magnitude of corridor modification rather than used to calculate
a single widening ratio. Similarly, the estimated detachment area of approximately 0.56
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km? was retained as an approximate spatial measure because a georeferenced source pol-
ygon was unavailable.

Reported hydrological quantities included a peak discharge of 5850 m? s, total flood
volume of 57.4 million m? and excess volume of 19.96 million m? in the RDNA documen-
tation [10]. Independent reconstruction of these quantities would require the underlying
hydrograph, rating relationship, integration period and baseflow definition. Conse-
quently, these reported values were treated as contextual hydrological information rather
than independently derived quantitative results. The corresponding volume relationships
are Equations (4) and (5)

v={ 0w®ad @)

to

and

i1
Vexcess = j [Q(t) — Qpgse(®)] dt (5)
to
where Q(t) denotes discharge and Qs (t) represents the corresponding baseflow over
the integration interval t, to t;.

2.3. Regional Hydroclimatic Context

Regional climatic conditions were characterised using published observations from
the adjacent Langtang Khola catchment. Long-term observations for 1957-2002 indicate
annual precipitation of approximately 814 mm, of which 77% occurred between June and
September [13]. These observations provide regional hydroclimatic context but were not
interpreted as direct meteorological forcing for the northern slope of Langtang Lirung or
for the 26 August 2026 event.

A consistent catchment-scale estimate of potential evapotranspiration was not avail-
able for the same spatial and temporal domain and was therefore not introduced into the
quantitative analysis. Likewise, no event-specific rainfall-evapotranspiration analysis or
climate-attribution analysis was undertaken. Regional climatic information provided en-
vironmental context for the study area; propagation dynamics were reconstructed inde-
pendently from the event chronology and spatial observations.

2.4. Hazard Classification and Early-Warning Assessment

The hazard cascade was classified using the 2025 United Nations Office for Disaster
Risk Reduction and International Science Council Hazard Information Profiles [14]. Haz-
ard classes were assigned according to the strength of event-specific evidence, with con-
ditional and unresolved processes identified separately. Relevant categories included
rock, debris and earthfall (GH0301), the broader gravitational mass-movement category
(GH0300), avalanche (MHO0801), debris flow (GH0303), flash flood (MH0603), fluvial flood
(MHO0604), and river erosion and accretion (GHO0404). Anthropogenic dam failure
(TL0205) was excluded from the classification of natural channel blockage, while disrup-
tion to monitoring and telecommunications infrastructure was considered within the crit-
ical-infrastructure category (TL0207). Permafrost loss (EN0305) was retained as a potential
environmental preconditioning process but was not assigned as an observed event mech-
anism in the absence of site-specific measurements (Figure 3).

Early-warning capacity was assessed using a 10-element framework adapted from
the Total Warning System approach [15]. The assessment covered institutional arrange-
ments, the Earth observation, data collection and sharing, hazard detection, decision sup-
port, warning products, impact forecasting, dissemination, risk communication, and com-
munity connection and response. Each element was evaluated against the available event-
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specific documentary evidence using four evidence states: functioning (F), partial (P), ab-

sent (A) and not verified (NV).

Input data

USGS seismic signal; Rasuwagadhi
CCTV footage; NES compilation of
arrival reports

Copernicus DEM GLO-30; post-
event Sentinel-2 and PlanetScope
imagery

Landsat, Sentinel-1/2, PlanetScope,
Gaofen-1 (SAR used under monsoon
cloud)

UNDRR-ISC Hazard Information
Profiles, 2025 version

Ten essential elements (Fakhruddin
et al., 2019); documentary evidence

Synthesis: lead-time envelope and two-stage multi-hazard warning service design (Figure 6)

Take three-time fixes
(collapse,
Rasuwagadhi,
Devghat)

Delineate source
polygon (15.99 km?)

Compare pre- and post-
event scenes (20 Mar vs.
26 Aug 2026)

Assign each cascade
stage using profile
definitions

Specify each element
for ice-avalanche flash
floods

Method Steps

Measure reach
distances along channel
centreline

Slope statistics, Horn
(1981) algorithm

Check extent of three
upstream lakes before
and after

Classify compounding
effects separately

Rate as functioning,
partial or absent

Celerity = reach
distance + time interval

Split longitudinal
profile into three zones

Measure corridor
width; map inundation
in GEE

Colour-code by hazard
type

Assign elements to
corridor reaches

Output

Wave celerity and lead time by
reach (Fig. 4b)

Slope and gradient results (Fig.
4a)

Source-zone and corridor change
(Figs. 1, 4¢)

Cascade and compounding
diagram (Fig. 3)

Element diagnosis and reach
stratification (Fig. 5, Table 4)

Figure 2. Analytical framework for reconstruction of the Langtang Lirung cascade and assessment

of its implications for multi-hazard early warning [12,14,15].

Permafrost loss
EN0305

[ Environmental

[ Geological
Solid = reported / reconstructed. Dashed = hypothesis / unresolved. Colours = HIP hazard categories.

[ Meteorological / hydrological

Blockage / breach is not a required
precursor to the flood wave.

Critical infrastructure failure
TLO207 - gauges / communications /
assets

[*] Technological

Figure 3. Hazard Information Profile classification of the Langtang Lirung cascade (Source: Au-

thors).
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3. Results
3.1. Propagation Dynamics and Sensitivity Analysis

Reconstruction of the event chronology yielded successive propagation intervals of
465, 2105 and 21,600 s across the upper, middle and lower reaches, respectively. For cor-
responding reach lengths of 22, 44 and 130 km, the estimated apparent celerities were 47.3,
20.9 and 6.0 m s (Table 3; Figure 4), indicating a pronounced downstream decline. The
cumulative interval between the seismic reference marker and the reported arrival at
Devghat was approximately 6 h 43 min across the 196 km corridor. Marker-to-arrival in-
tervals were approximately 7.8 min at Rasuwagadhi, 42.8 min at Betrawati and 402.8 min
at Devghat.

Table 3. Reach characteristics, apparent celerities and propagation intervals reconstructed from the

event chronology.

Parameter Upper Reach Middle Reach Lower Reach
Reach length (km) 22 44 130
Apparent celerity (m s™) 47.3 20.9 6.0
Successive propagation interval 7min 45 s 35min5s 6h
Cumulative propagation time (s) 465 2570 24,170
Marker-to-arrival interval (min) 7.75 42.83 402.83
Operationally usable lead time Not determined Not determined Not determined
Note: The reconstructed propagation intervals represent the physical time potentially available for
downstream response and should not be interpreted as realised warning lead times.
a Longitudinal endpoints b Reach celerities (m/s)
Reported profile; approximate distances Deterministic stress-test envelopes, not Cl
Source i 47.3 [37.7 to 61.6]
Rasuwagadhi
6000 | 9200M | penge 1831 m 2"””3'3 i
2930 m ‘ asuwagadni 20.9 [17.0 to 26.5]
4000 ?ngr:nbes‘ Rasuwagadhi —
2000 Betrawati 6.0 [5.6 t0 6.5]
Betrawati —
0 8 23 37.6 Devghat
Approximate cumulative distance (km) 0 20 40 60

Middle drop 1099 m; final drop 403 m

¢ Reported widths and +30 m each-bank tests

Before: 100 to 300 m
Test: 40 to 360 m

After: 900 to 1300 m
Test: 840 to 1360 m

Timing tests £30 / 60 / 300 s; distance +5%
Filled = reported; outline = test (m)
| —

|
0 400 800 1200 1400

Source: original data from Nepal Environment Society, 2026; elevations from Copernicus DEM GLO-30.

Figure 4. Reconstructed propagation dynamics and deterministic sensitivity analysis: (a) terrain-
profile elevations and mean gradients; (b) reach-averaged apparent celerities and sensitivity ranges;
and (c) reported pre- and post-event corridor-width ranges (Source: Original data from Nepal En-
vironment Society, 2026; elevations from Copernicus DEM GLO-30).

Deterministic sensitivity analysis produced celerity ranges of 39.6-58.7, 17.8-25.2 and
5.86-6.19 m s when timing perturbations alone were considered. Incorporating a +5%
perturbation in reach distance broadened the corresponding ranges to 37.7-61.6, 17.0-26.5
and 5.6-6.5 m s. None of the tested perturbations altered the rank order of the reach
estimates. These ranges quantify sensitivity to the prescribed variations in timing and dis-
tance and are not interpreted as probabilistic confidence intervals.
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Terrain analysis showed a similarly pronounced downstream reduction in average
gradient. Elevation differences across the three profile segments were 2270, 1099 and 403
m, corresponding to mean gradients of 28.37%, 7.32% and 2.76%, respectively. Under the
#10 m endpoint perturbation, the corresponding gradient ranges were 28.125-28.62%,
7.19-7.46% and 2.62-2.89%. These results characterise the mean gradients of the analysed
terrain segments rather than local hydraulic conditions along the entire propagation cor-
ridor.

Reported corridor-width ranges increased from 100 to 300 m before the event to 900—
1300 m following the event. Applying the +30 m per-bank positional perturbation yielded
respective ranges of 40-360 m and 840-1360 m. The separation between the pre- and post-
event ranges persisted under the specified perturbation, indicating substantial geo-
morphic modification within the constraints of the available spatial evidence.

3.2. Cascade Characteristics and Climatic Context

The available evidence supports an initiating rock—ice mass movement followed by
rapid downstream flooding. The subsequent flow may have involved interactions among
river-water entrainment, channel blockage and breach, and water stored within or be-
neath the glacier, although the available observations do not permit their relative contri-
butions to be quantified. The event is therefore interpreted as a mass-movement—flood
cascade, with the sequence of intermediate hydrological processes treated as conditional.

The reported river-stage decline between 05:00 and 08:00 occurred before the 08:37:10
seismic reference marker. This chronology places the decline before the detected mass
movement and does not support its interpretation as a precursor generated by blockage
from that event. The stage change is consequently retained as an earlier hydrological ob-
servation rather than incorporated into the reconstructed cascade sequence.

3.3. Early-Warning System Assessment

The 10-element assessment identified substantial variation in the documented evi-
dence across the warning chain (Table 4). Seven elements were classified as not verified
(NV): institutional arrangements, data collection and sharing, hazard detection, decision
support, warning products, impact forecasting, and risk communication. These classifica-
tions indicate insufficient event-specific evidence to establish operational performance ra-
ther than confirmed absence of the corresponding capabilities.

Table 4. Evidence-based assessment of the 10 elements of the early-warning system during the 26
August 2026 event.

Early-Warning Element Assessment Criterion Available Evidence Status

Evidence Required for
Verification

1. Institutional arrange-

Defined mandates, re- Event-specific mandate and

Mandates, SOPs and duty

sponsibilities and duty-chain records unavaila- NV
ments . . rosters
warning authority ble
Timely observations  Satellite observations docu- P orovi Acquisition and pro-
2. Earth observation linked to operational mented for post-event recon- lsiI:)nal cessing records; detection
hazard detection struction latency

3. Data collection and shar-formation exchange

ing

Timely operational in- o .
Event-specific operational .
Agreements, timestamps

data-sharing records unavail- NV .
and receipt records

among relevant insti- able

tutions

4. Hazard detection

Hazard analysis linked Event-specific precursor or .
. . o . Archived analyses and val-
to observations and  routing validation unavaila- NV

. . idation records
operational detection ble
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Defined decision rules

Complete event-specific deci- Decision protocols and in-

5. Decision support and contingency pro- | . NV .
PP sy P sion records unavailable cident records
cedures
Verified warning products
. Timely and actionable . &P Warning products and is-
6. Warning products o . and issuance records una- NV )
warning information . suance timestamps
vailable
Forecast impacts Validated event-specific ex-
. . . Exposure data and forecast
7. Impact forecasting linked to exposed pop- posure-impact forecasts una- NV e
. . verification
ulations and assets vailable

Warning transmitted
through appropriate P, provi- Dispatch, receipt and cov-

sional erage records

8. Dissemination SMS dissemination reported

communication chan-
nels

Hazard information = Event-specific interpretation
9. Risk communication translated into actiona- and communication records NV
ble risk information = unavailable

SOPs, communication rec-
ords and training evidence

. . Warning associated
10. Community connection &

and response

Community evacuationor P, provi- Action chronology and

with documented pro- . . : .
protective action reported sional community records

tective action

Earth observation, dissemination, and community connection and response were
classified as provisionally partial (P). Available documentation indicates component-level
activity, including satellite observations used for post-event reconstruction, reported SMS
dissemination, and reported community evacuation or protective action. The evidence,
however, was insufficient to establish their integration within a complete end-to-end
warning chain. Overall, the assessment identifies gaps in the evidence required to verify
warning-system performance, rather than demonstrating an absence of institutional capa-
bility. No element could be verified as fully functioning (F), and none met the evidentiary
criterion for classification as absent (A).

4. Discussion and Proposed Warning Framework

The Langtang Lirung event illustrates the challenges of operational warning deci-
sion-making during rapidly evolving mountain-hazard cascades. Propagation rates var-
ied markedly along the Bhote Koshi—Trishuli corridor (Table 3; Figure 4), and the warn-
ing-system assessment identified significant limitations in the evidence available to verify
end-to-end operational performance (Table 4). These findings indicate that effective warn-
ing depends on the interaction between physical propagation, observational capability,
decision processes, communication latency and preparedness. The resulting framework
therefore links hazard evolution with the institutional and operational functions required
to convert detection into timely protective action.

4.1. Comparison with Previous Cascades and Warning Approaches

The Langtang Lirung cascade exhibits characteristics documented in other high-
mountain disasters, particularly the transition from mass movement to rapid downstream
flooding observed at Shugar and Fischer [2,3]. These events demonstrate the importance
of entrainment, water storage, channel confinement and downstream process transfor-
mation in cascade development. Differences in source conditions, hydrological processes
and observational coverage, however, preclude direct transfer of event-specific mecha-
nisms between sites.

Existing glacier and permafrost hazard guidance and end-to-end early-warning
frameworks emphasise scenario development, exposure assessment and coordinated
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warning functions [5,6]. Recent studies extend these principles through compound hydro-
logical modelling [16], uncertainty-aware susceptibility assessment [17] and structured
warning decisions [18]. The present study contributes a corridor-scale integration of evi-
dence provenance, propagation sensitivity and warning-system verification. This formu-
lation links cascade evolution to the evidence and operational functions required for
warning, while distinguishing documented from unverified capability (Table 5).

Table 5. Comparison of the Langtang Lirung analysis with documented mountain-hazard cascades,

guidance and related modelling approaches.

Benchmark Established Contribution Relevance to Langtang Lirung

Contribution to the Framework

Multi-source reconstruction of Demonstrates rapid transfor-

Shugar et al. (2021) [2] a rock—ice avalanche and mation from mass movement to

downstream cascade downstream impacts

Supports integrated reconstruc-
tion of interacting cascade pro-

cesses

Reconstruction and Reconstruc-Demonstrates potential interac-

. tion and hydrodynamic model- tions among slope failure, water
Fischer et al. (2023) [3] . . .
ling of the 2012 Seti Khola haz- ponding and subsequent outburst

ard cascade flooding

Supports evaluation of alternative
cascade processes and down-

stream flood scenarios

Hazard assessment, scenario  Establishes principles for inte-

GAPHAZ [5] and WMO [6]  development, impact assess-  grated mountain-hazard assess-

ment and end-to-end warning ment and warning

Provides the conceptual basis for
the two-stage framework

Compound hydrological mo d_Coupled representation of pre- Demonstrates the importance of

elling [16] cipitation and glacial-lake out- interacting hydrological mecha-

burst processes nisms

Supports scenario-based repre-
sentation of alternative water

sources and downstream routing

Uncertainty-aware susceptibil-Explicit uncertainty treatment . . .
. . ) K . Establishes the importance of vali-
ity and sequential warning ap-and structured warning deci- . ..

. dation and decision thresholds
proaches [17,18] sions

Supports evidence grading and
progressive validation of warning

components

4.2. Stage 1: Evidence-Based Screening and Operational Readiness

Stage 1 establishes an evidence-based representation of potential source areas, expo-

sure and monitoring capability, accompanied by parallel development of operational read-
iness (Figure 5). Source screening integrates topography, lithology, structural conditions,
snow and ice characteristics, hydrological setting and observable deformation according to
data availability and relevance. Explicit documentation of data provenance, temporal reso-
lution and uncertainty provides the basis for differentiating robust observations from pro-
visional interpretations.

Regional hazard screen

Stage 1 Regional screen

Free archive; commercial gap filling
Susceptibility + cascade ranking
Proposed update target: five days

Stage 2 Operations
Field checks

Prioritised scenario ensemble
Seismic + hydrological detection
Redundant notification
Community drills

Validation gate
Validation data
Observability assessment
Staffing + O&M feasibility

O&M = operations / maintenance

Figure 5. Proposed two-stage framework for multi-hazard early warning. Stage 1 integrates evi-
dence-based source screening, exposure assessment and operational readiness; Stage 2 develops
and validates cascade scenarios to support warning decisions, with direct escalation under credible

emergency conditions.
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Remote sensing contributes to the identification and monitoring of spatially distrib-
uted source areas that are difficult to observe continuously from the ground. Its opera-
tional utility is conditioned by acquisition frequency, spatial resolution, viewing geometry
and performance over steep snow- and ice-covered terrain. Integration with seismic, hy-
drological and ground-based observations therefore provides a stronger basis for hazard
detection than reliance on any single observational source.

Operational readiness develops concurrently with hazard screening. Redundant
communication, protected monitoring infrastructure, predefined institutional responsibil-
ities, accessible evacuation routes and community preparedness remain essential under
uncertain precursor conditions. This requirement is especially important in the upper cor-
ridor, where the reconstructed propagation interval provides limited time for detection,
interpretation, warning dissemination and protective action.

4.3. Stage 2: Scenario Development and Validation

Stage 2 develops bounded scenarios for plausible combinations of mass release, en-
trainment, channel blockage, breach and downstream routing (Figure 5). Glacial-water
contributions and rainfall-related processes can be incorporated where supported by
physical evidence. Alternative trajectories are retained where the available observations
do not support a single cascade sequence.

Operational application requires independent evaluation of individual components.
Precursor monitoring depends on demonstrable signal detectability before failure; source-
ranking methods require discrimination between unstable and stable conditions; down-
stream scenario models require appropriate terrain, channel and hydrological observa-
tions for calibration and validation. Evaluation of false alarms, missed events and de-
graded observational conditions is therefore integral to establishing operational reliabil-

ity.

4.4. Institutional and Financial Constraints

End-to-end warning performance depends on institutional capacity as well as tech-
nical capability. Operational implementation requires defined responsibilities for geospa-
tial analysis, hydrological interpretation, warning decisions, communication and system
maintenance. Service continuity also requires duty arrangements, staff competency, tech-
nical redundancy, data management, processing capacity, backup power and recovery
procedures.

The transboundary setting of the Bhote Koshi headwaters introduces additional re-
quirements for institutional coordination. Effective warning depends on timely exchange
of relevant observations between the Xizang Autonomous Region of China and Nepal,
supported by compatible time standards, data-quality information, notification protocols
and defined institutional responsibilities. Pre-agreed technical communication arrange-
ments are particularly important where rapid propagation constrains the time available
for sequential administrative processes.

Financial sustainability is similarly integral to operational continuity. Recurrent ex-
penditure includes monitoring, telecommunications, data access, maintenance, calibra-
tion, staffing, exercises and replacement of damaged equipment. Investment appraisal
therefore requires consideration of lifecycle costs, service reliability and institutional ca-
pacity alongside initial capital expenditure. These requirements are particularly im-
portant in high-mountain environments where extreme events can simultaneously dis-
rupt monitoring infrastructure and increase demand for warning services.
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4.5. Emergency Bypass and Degraded-Mode Response

The proposed operational framework comprises Baseline, Attention, Watch, Alert
and Emergency states (Figure 6). These states represent increasing levels of preparedness
and response, without requiring sequential progression. Evidence of major slope failure
or rapid hazardous hydrological change can trigger direct escalation to Emergency, in-
cluding under incomplete monitoring or telecommunications disruption.

Direct escalation recognises a central characteristic of cascading mountain hazards:
uncertainty concerning the precise initiating mechanism does not preclude a sufficiently
strong basis for protective action. Seismic observations, water-level monitoring, remote
sensing and other information streams provide complementary evidence. Operational de-
cision-making therefore depends on the collective strength and consistency of available
observations, with contingency procedures accommodating failure or loss of individual
monitoring components.

Degraded-mode operation requires predefined decision authority, redundant com-
munication channels, actionable warning products, accessible evacuation routes and es-
tablished community response procedures. The short propagation intervals reconstructed
for the upper corridor place particular importance on preparedness and locally executable
action because centralised interpretation and dissemination may consume a substantial
proportion of the available response window.

Independent sources

Seismic / credible collapse reports

Hydrological observations

Rapid stage / verified anomalous Contsxt and advisory evidence

Weather + scenarios; not prerequisites

signals
Credible collapse / rapid stage — direct emergency
Baseline Attention Watch Alert Emergency
Routine readiness Review evidence Prepare response Life-safety alert Act immediately
Falling stage is a candidate signal Never wait for perfect scenario matching
Verify rainfall, diurnal melt, abstraction and sensor error Advisory matching must not delay life-safety alerts

Figure 6. Proposed early-warning states incorporating direct emergency escalation and degraded-

mode operation.

5. Limitations

This study is constrained by the retrospective and predominantly secondary nature
of the available evidence. Uncertainty in event chronology, approximate reach distances,
clock synchronisation, source geometry and hydrological observations limits reconstruc-
tion of the initiating process and downstream flow dynamics. The deterministic sensitiv-
ity analyses quantify the influence of specified variations in timing, distance and elevation
but do not constitute probabilistic uncertainty estimates. Similarly, the absence of georef-
erenced source boundaries, continuous hydrographs and site-specific meteorological and
cryospheric observations precludes detailed hydraulic reconstruction, source-water par-
titioning and event-level climate attribution.

The early-warning assessment is likewise evidence-dependent and should be inter-
preted as an evaluation of documented capability rather than institutional performance.
Incomplete operational records constrain verification of detection, decision, dissemina-
tion and response functions. Consequently, the findings support corridor-specific
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interpretation of hazard propagation and warning requirements, but their transfer to
other high-mountain catchments requires independent evaluation of terrain, hydrology,
exposure, monitoring capacity and operational latency.

6. Conclusions

The 26 August 2026 Langtang Lirung event demonstrates the rapid transition of a
high-mountain rock—ice mass movement into a downstream flood cascade. Reconstruc-
tion of the event indicates a pronounced decline in apparent propagation celerity along
the Bhote Koshi-Trishuli corridor, resulting in markedly different temporal constraints on
warning and protective action between upstream and downstream reaches. The initiating
process is consistent with a rock—ice avalanche, although the relative contributions of gla-
cial water, channel blockage and breach, and cryospheric preconditioning remain unre-
solved.

The analysis demonstrates that propagation time alone is insufficient to characterise
operational warning capacity. Effective early warning depends on the integration of haz-
ard detection, interpretation, decision-making, dissemination and protective response
within the available propagation window. The proposed two-stage framework links evi-
dence provenance and cascade reconstruction with operational readiness, scenario devel-
opment and direct emergency escalation. This framework provides an analytically trans-
parent basis for evaluating multi-hazard early-warning requirements under incomplete
observational evidence and rapidly evolving hazard conditions.
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