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Glacial lake outburst floods (GLOFs) represent a major hazard in mountain
regions, yet considerable uncertainty persists regarding whether their fre-
quency has increased in recent decades and to what extent this trend is linked
to climate change. Here, we developed a new inventory of GLOFs from
moraine-dammed lakes, analyzing 609 events worldwide between 1900 and
2020. Insights from historical reports and geomorphological evidence pre-
sented a low but fluctuating increase in the global frequency of reported
GLOFs prior to the 1970s. However, a marked acceleration occurred after the
1980s, with the annual frequency increasing from 5.2 GLOFs during 1981-1990
to 15.2 GLOFs during 2011-2020. Overall, the long-term trajectory of reported
GLOF frequency closely parallels variations in global air temperature, exhi-
biting a lag-correlated pattern on timescales of approximately 20 years. The
concept of GLOF response time was employed to explain this delayed reaction,
which is attributed to warming-induced glacier recession, glacial lake expan-

sion, and slope destabilization surrounding such lakes, ultimately trigger-

ing GLOFs.

Glacial lake outburst floods (GLOFs) stemming from moraine-dammed
lakes represent a major hazard in mountainous regions'. The related
cascading processes often span tens to hundreds of kilometers and lead
to profound societal and geomorphological consequences>’. For
example, in 2023, in the Sikkim Himalaya, the South Lhonak GLOF killed
55 people, with a further 74 reported missing, and caused devastation as
far as >160 km downstream, destroying -30 bridges, 2000 buildings,
and three hydropower plants*’. Other catastrophic GLOFs have been
well-documented globally, including in British Columbia, Canada®,
Cordillera Blanca, Peru’, and the Patagonian Andes®’, and are garnering
increasing scientific and policy interest'’. The occurrence of GLOFs is
typically linked to glacier recession (i.e., debuttressing of valley slopes
by shrinking glaciers, and ice avalanches into lakes from unstable ice

fronts), permafrost degradation (rockfalls, landslides, and melting of
dead ice in the moraine dam), and extreme weather events (extreme
rainfall and melt events), all of which are exacerbated by global
warming' >, Nevertheless, the link between GLOFs and climate change
remains contentious and is often biased by potential omissions and
recording errors™. Analysis of existing GLOF inventories has so far
shown a decrease or stagnation in frequency at both regional and global
scales since the 1980s”", which seems at odds with the intuitive
expectation that, given recent intense warming® and glacial lake
proliferation'”°, GLOF occurrence should have increased.

Constantly updated and revised GLOF inventories are instru-
mental in addressing these discrepancies. They enable analyses of
GLOF frequencies and climate linkages while providing information for
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broader applications, such as validating the reliability of GLOF sus-
ceptibility assessments”, identifying lakes for GLOF scenario
modeling”?, and informing GLOF risk mitigation and policy
development®?. A precise GLOF chronology can be constructed using
two approaches. The first involves compiling events reported in
documented sources, including journal papers, news reports, and local
administrative records”. The second integrates post-failure geo-
morphic analysis, leveraging GLOF traces such as decreases in lake
levels, breached dams, outwash fans, and downstream devastation, to
identify previously unreported events®®”. Employing manual or
computer-automated analysis of images from diverse sources can
substantially enrich inventories. Research in the Himalaya”, tropical
Andes’, and Southern Andes*® indicates that relying solely on passively
reported information underestimates the quantity of moraine-
dammed GLOFs by 0.5-2 times. Thus, constructing a global GLOF
inventory necessitates continuous updating of reported events, as well
as proactive identification of unreported historic GLOFs via geo-
morphic assessments. Moreover, for ambiguous cases, GLOF traces
can confirm their reliability®, while extensive satellite imagery archives
such as Landsat and Sentinel can be used to further constrain GLOF
timing for those events with otherwise large time-of-outburst win-
dows. The latest global inventory (version 4.1) includes 463 moraine-
dammed GLOFs that occurred between 1900 and 2020* but still
requires improvements in completeness, continuity, and accuracy.

In this work, we present an updated global inventory of moraine-
dammed GLOFs that enables systematic analysis of their distributions,
frequencies, and climatic connections. We apply a three-step frame-
work consisting of dataset synthesis, outburst timing calibration, and
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identification of unreported GLOFs (see Methods) to improve the
dataset quality and support robust assessments of GLOF character-
istics across different spatiotemporal scales. Key findings indicate a
phased increase in GLOF frequency since the 20th century, largely
driven by intensified global warming.

Results

GLOF distribution and frequency

By synthesizing diverse regional inventories and conducting systematic
geomorphic assessments, we identified an additional 178 GLOFs from
documented sources and detected an additional 88 GLOFs, which were
incorporated into the latest global inventory. The reliability of each
GLOF was validated by assessing residual geomorphic traces in satellite
imagery. In total, these efforts led to the compilation of 609 GLOFs that
originated from 512 different moraine-dammed lakes globally during
1900-2020 (Fig. 1a). This represents a 285% increase compared to the
first dedicated GLOF inventory published in 2018'° and a 32% increase
compared to the latest version published in 2024*,

The GLOFs were mainly concentrated in the Third Pole (encom-
passing Central Asia, South Asia West, and South Asia East; 241 GLOFs,
accounting for 39.6% of the total), the Low Latitudes (132, 21.7%), the
Southern Andes (96, 15.8%), western Canada and the USA (52, 8.5%),
Central Europe (26, 4.3%), and Svalbard (23, 3.8%). At the national level,
moraine-dammed GLOFs originated in 26 countries or autonomous
regions. Peru, China, and Chile were the most affected countries, with
117,112, and 74 GLOFs, respectively. Although failed moraine-dammed
lakes accounted for only 0.8% of the global total number of such
lakes?®, this proportion is highly heterogeneous across glaciated
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Fig. 1| Revised global inventory of moraine-dammed GLOFs and their spatial
distribution. a The maps show the global distribution, local number, and relative
densities of GLOFs during 1900-2020. The circles are scaled according to the
number of GLOFs within each 1° x 1° tile and are color-coded to indicate the pro-
portion of locally drained lakes relative to the total. The pie charts aggregate the
regional GLOF count based on the Global Terrestrial Network for Glaciers (GTN-G)
regions, and display their respective data sources, including the latest global
inventory v4.0 (Inventory), supplementary data from other reports (Additional),

and the newly detected events identified via geomorphic assessments in this study
(Detected). The distribution data for glacial lakes in 2020 is sourced from Zhang
et al”°. b A linear fit for annual GLOF frequency was performed using the gen-
eralized additive model. The degrees of freedom (edf) and chi-square statistic (x*)
indicate the complexity and goodness of fit, with lower values suggesting a better
model. The p-value for the mean slope (Pyiope) reflects the significance of the trend.
Map source: Natural Earth (public domain).
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Fig. 2 | Occurrence of destructive GLOFs worldwide since 1900. a Based on

documented downstream damage, the GLOFs were classified into different levels of
severity. The GLOFs without impact reports were categorized as no damage, while
the other destructive GLOFs were further classified into minor, moderate, severe,
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and catastrophic categories. The pie charts summarize the regional GLOF counts
with reported damage, grouped according to the GTN-G regions. b The temporal
trends of the frequency of destructive GLOFs are presented in ten-year intervals.
Map source: Natural Earth (public domain).

regions. The outburst ratios were 6.3% in the Low Latitudes, 3.7% in
Central Europe, 1.7% in the Third Pole, 1.6% in the Southern Andes, and
1.1 % in Svalbard, while western Canada and the USA had a relatively
lower ratio of 0.5%.

Globally, moraine-dammed GLOF frequency showed a fluctuating
increase between 1900 and 2020 (Fig. 1b). Three distinct transition
epochs were identified: (i) prior to the late 1930s, GLOFs were rarely
reported worldwide; (ii) from the early 1940s to late 1970s, reporting
frequency increased gradually, with a mean of 4.5 GLOFs per year,
consistent with previous findings'; and (iii) after the 1980s, GLOF
reporting entered a phase of acceleration, increasing from an average
of 5.2 GLOFs per year during 1981-1990 to 15.2 GLOFs per year during
2011-2020.

GLOF impacts and downstream damage

A total of 113 (18.6%) moraine-dammed GLOFs had recorded down-
stream damage (Fig. 2a), including fatalities and impacts on bridges,
roads, farmland, forests, and hydropower projects. Since 1900, these
events have collectively caused over 13,000 fatalities worldwide.
Among the most catastrophic were the 1941 Palcacocha GLOF in Peru®
and the 2013 Chorabari GLOF** in India, both of which devastated
downstream settlements and claimed thousands of lives. To quantify
impacts, we categorized descriptive damage reports into five levels,
ranging from no damage to catastrophic. This categorization accounts
for the extent of losses to infrastructure and communities, albeit with
some subjectivity. Spatially, the Third Pole and the Low Latitudes were
the most affected regions, encompassing 37 severe and catastrophic
GLOFs. This also means that most of the recorded casualties and major
infrastructure losses were concentrated there. Temporally, of the 65
GLOFs that occurred in the 1970s, twelve caused recorded damage
(accounting for 18% of the events). This number increased to 33 out of
151 GLOFs in the 2010s (22%), reflecting increases in both the number

and proportion of GLOFs with disastrous societal impacts (Fig. 2b).
Furthermore, we mapped the loss in lake area for 362 GLOFs since the
1980s using satellite imagery. Notably, complete drainage was
observed in 20% of these cases. Our analysis found no significant
correlation between GLOF severity and lake size (Supplementary Fig.
S1). GLOFs originating from medium/large lakes (>0.1km?) were not
necessarily associated with severe disasters, as their impacts depended
jointly on drainage volume and downstream exposure. Likewise,
GLOFs originating from small lakes were not always harmless*~¢; that
is, 18 events were characterized by small outbursts but large disasters.

Discussion
Warming effects on GLOF activity
To explore potential connections between climate change and GLOF
activity, we combined temperature and precipitation records from the
Climate Research Unit (CRU) dataset with data on glacial lake expan-
sion and concomitant GLOF triggers across multiple spatiotemporal
scales. The analysis showed a lag-correlated temporal pattern between
global temperature and reported GLOF frequency. There is a con-
sensus that global temperatures entered a sustained warming phase
after the 1970s", coinciding with the sharp rise in GLOF frequency over
the past four decades (Supplementary Fig. S2). Before the 1970s,
temperatures fluctuated, mirroring the relatively low and gradual
increase in GLOF frequency. The influence of temperature intensifies
with increasing spatial scale, from local to global (Fig. 3a). Consistent
lagged responses of 0-5 and 10-14 years are evident, and there is a
credible -20 years lag between warming effects and GLOF occurrence
at the global scale (r > 0.5, P< 0.01). By contrast, precipitation does not
exhibit a consistent or statistically significant influence on interannual
variations in GLOF frequency (Fig. 3b).

The concept of GLOF response time is essential for interpreting
these lags, reflecting the combined timelines of glacier recession,
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Fig. 3 | Connections between climatic factors, response timelines, and GLOF
activity. a, b Correlations between global GLOF frequency during 1940-2020 and
interannual variations in temperature and precipitation at multiple spatial scales
and lag intervals. ¢, d Spatial relationships between regional GLOF activity and
glacial lake expansion (1990-2020), as well as ice-rock avalanches (1900-2019),
derived using a Geographically Weighted Regression (GWR) model. Local
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coefficients indicate the extent of the positive influence to which lake expansion or
avalanches contribute to GLOF activity at each observation point. For instance, a
local coefficient of 1.5 signifies that, in a given area, a one-unit increase in the
explanatory variable corresponds to a 1.5-fold increase in GLOF activity. Map
source: Natural Earth (public domain).

glacial lake expansion, and the development of triggering
conditions'®*’*%, Our spatial correlation analysis further showed that,
with the exception of Central Europe and Svalbard, all major GLOF
regions exhibit positive connections between GLOF activity, glacial
lake expansion, and ice-rock avalanches. The strongest linkages are
found in the Southern Andes, Low Latitudes, and Himalaya (Fig. 3c, d).
Ice avalanches and rockfalls or landslides are the dominant triggers,
accounting for ~70% of outbursts in the Third Pole, Low Latitudes, and
Southern Andes”**. The stability of glaciers and frozen slopes is
highly sensitive to climate change. Rising temperatures drive a thermal
shift from cold-based to polythermal or temperate glaciers, altering
the frequency and magnitude of ice avalanches*>*.. Similarly, slopes
surrounding glacial lakes become increasingly susceptible to failure
under shifts in precipitation phase and repeated freeze-thaw
cycles***, For example, the 2020 Elliot Creek GLOF in British Colum-
bia, Canada, was triggered by an 18 x 10° m? landslide from a degrading
lateral slope*. Indeed, these warming-induced shifts in the thermal
dynamics of ice/rock materials inherently produce lagged effects.
Stoffel et al.”” reconstructed rockfall (<10° m?) rates from a thawing
slope in the Swiss Alps and found a significant temperature correlation
with delayed reaction. Globally, ice and rock avalanche frequency also
demonstrated a lag of 10-20 years to temperature variations*®, Beyond
this, another physical manifestation of this lag-time concept lies in the
longevity of most glacial lakes prior to their outbursts. Analysis of 388
post-1981 GLOFs from the updated inventory showed that 96.3% of
failed lakes had existed for more than 5 years, 87.6% for over 10 years,
and 60.1% for over 20 years before failure (Supplementary Table S1).

Collectively, lake expansion arising directly from widespread gla-
cier recession under warming®, coupled with the maturation and
occurrence of triggers, governs GLOF response time. Within this

process chain, glacier recession and glacial lake expansion proceed
synchronously, as do triggering events and resultant GLOFs, both pro-
ducing immediate impacts and without appreciable delays between
them. The observed temporal lag thus arises mainly from the time
required for lake expansion and slope destabilization under sustained
warming. We surmise that GLOFs are initiated when these two processes
intersect; otherwise, the lakes remain unbreached. This mechanism
explains why the observed GLOF response time approximates both the
lag reported for avalanches and the longevity of the failed lakes, pro-
viding evidence that global warming drives GLOF activity.

Regional GLOF patterns and trend

The six regions in Fig. 4 with the greatest GLOF activity have experienced
substantial glacier ice loss (with a mass balance of -0.6 to
-1.3mw.ea)*® and glacial lake expansion with areal increase of
6-30%">"%* in recent decades. Despite the marked increase in the fre-
quency of reported GLOFs globally after the 1980s, their occurrence is
affected not only by warming-induced process chains but also by regional
topography and human activities, leading to considerable spatial het-
erogeneity. Our statistical analysis revealed that, since 1981, the reported
GLOF frequency has increased in the Third Pole, the Low Latitudes,
Svalbard, and the Southern Andes (P< 0.05); remained stable in western
Canada and the USA; and decreased in Central Europe. When moraine-
dammed lakes are situated in broad, low-gradient glaciated valleys, the
influence of surrounding slopes and glaciers is greatly diminished™. This is
most evident in Alaska, where glacial lakes have expanded the fastest
globally, yet only five GLOFs have been reported®. An analogous pattern
was also observed in neighboring western Canada and the USA. In Central
Europe, most GLOFs were reported prior to 2000, with only one event
recorded after 2010%. A possible reason for this trend is extensive human
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relatively extensive reporting rates for GLOFs. Map source: Natural Earth (public
domain).

interventions in this region, including the construction of alpine hydro-
power plants, managed lake drainage, and moraine dam reinforcements,
which have effectively restricted lake development and mitigated the risks
associated with mass movements™~".

By synthesizing historical reports and geomorphological evi-
dence, this study compiled a global inventory of 609 moraine-
dammed GLOFs between 1900 and 2020. Both a marked global
acceleration of GLOFs since the 1980s and pronounced regional het-
erogeneity were revealed. These patterns are driven not only by
warming-induced process chains but also strongly modulated by
regional topography and human activity, collectively shaping the
spatiotemporal distribution of GLOFs. Debates persist regarding
whether or not GLOF frequency has increased globally or regionally
over recent decades. Harrison et al.'® reported a decline in GLOF fre-
quency after the 1970s based on the first global moraine-dammed
GLOF inventory, while Veh et al.” found stable frequency in the
Himalaya after the 1980s. Similar conclusions were drawn by several
other studies'** (Supplementary Fig. S3). We suggest that the dis-
crepancy in findings about GLOF frequency in our study compared to
these previous studies may be explained by three factors: (i) Mis-
classification of events: many earlier inventories included erroneous
reports, leading to inflated GLOF counts during specific periods and
thereby distorting trend analyses. For instance, glacial debris flows or
ice/rock avalanches, which can cause similar channel erosion and
infrastructure damage, were often misclassified as GLOFs. Nie et al.*!
suggested that approximately one-sixth of reported GLOFs may be
unreliable in the Himalaya. (ii) Conflation of lake types: ice-dammed
and supraglacial lakes are capable of producing GLOFs, yet their out-
burst mechanisms differ from those of moraine-dammed lakes. For
instance, ice-dammed GLOFs are typically triggered by flotation or
collapse of the ice dam, or the formation of subglacial channels,
involving distinct process chains. Failure to distinguish these GLOF
types will potentially distort trend analysis. (iii) Database construction

limitations: most GLOF inventories have been built based on docu-
mented sources, leading to underreporting of events. Without con-
tinuous updates, such biases will be uncontrolled in records.

Updated GLOF inventory and risk implications

Revealing GLOF trends and their potential drivers depends on a reli-
able inventory, yet achieving such reliability remains challenging.
Beyond unknown historical underreporting, geomorphic assessment
is constrained by image resolution, cloud cover, and satellite acquisi-
tion rate, as well as the rapid concealment of GLOF traces through
vegetation succession, human interventions (i.e., dam immobilization
and mining), and geomorphic remodeling (fluvial erosion and mean-
der shifts)®®. To glimpse potential biases in reporting and detection
rates, we examined the structural properties of the revised database.
Two lines of evidence suggest that it provides a robust basis for sta-
tistical analyses. First, pre-failure lake areas exhibit a power-law dis-
tribution (Supplementary Fig. S4). This accords with physical
reasoning, as under the assumption that those triggering events such
as ice avalanches and landslides occur without spatial bias at the
regional scale, smaller lakes are more numerous and thus statistically
more likely to encounter such triggers. Hence, the intrinsic area dis-
tribution of glacial lakes largely governs the size of failed lakes, with
smaller ones failing more frequently than larger ones”. Second, GLOF
frequency trends are consistent across size classes (r>0.86) (Supple-
mentary Fig. S5), such as the tested intervals (km?) S1: [0.02, 0.06), S2:
[0.06, 0.16), and S3: [0.16, 2.0). This indicates scale invariance with
separable temporal effects®, as the frequencies of GLOFs in different
pre-failure size classes exhibit a stable proportional relationship.
Together, these features indicate no significant bias toward specific
lake-size intervals within the study period, suggesting an internally
consistent database structure. Certainly, because the inventory is still
constructed based on passive factual records, it should be regarded as
a lower bound for all trend analyses relative to the actual situation.
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GLOFs are a prominent geomorphic process within the cryosphere,
and their intersections with social and environmental factors have
caused catastrophic damage. This study quantifies global and regional
GLOF frequency and their societal impacts, while emphasizing the role
of glaciers, glacial lakes, and trigger events under global warming in
attribution analyses. The updated and revised inventory will facilitate
regional GLOF risk assessments, disaster prevention and mitigation, and
policy formulation. Recently, the heightened research focus on GLOFs
mainly reflects their catastrophic consequence, which is difficult to
predict and prevent, posing challenges to local sustainable develop-
ment in alpine regions®. Societal impacts of GLOFs are staggering in the
Cordillera Blanca and the Third Pole. Regarding the dynamics between
society and cryospheric hazards, the core of risk management lies in
reducing exposure and vulnerability while enhancing resilience®
Adaptation in mountainous regions can currently be divided into three
levels”. The first level involves deepening the understanding of disaster
characteristics, including field investigations, database construction,
and risk assessment. The second level involves structural measures to
prevent or effectively mitigate natural hazards®*’. Common remedial
works include early warning systems, artificial lake drainage, and dam
reinforcement. The third level is systematic, focusing on holistic risk
management through non-structural measures such as policy devel-
opment, public awareness initiatives, and strengthening the resilience
of socio-economic systems. Under future scenarios of sustained
warming®*®, the intensification of GLOF activity seems inevitable.
Comprehensive, site-specific assessments that integrate climatic,
topographic, and anthropogenic drivers are urgently needed to eluci-
date the mechanisms governing GLOF occurrence®®. Meanwhile,
strengthening scientific understanding, engineering measures, and risk
management will be crucial to improve adaptive capacity to GLOF
hazards. In the near future, representative platforms should be estab-
lished to facilitate collaboration and communication on GLOFs®®, rais-
ing awareness among governments and local communities of the
increasing disaster risks driven by climate change.

Methods

Tracking moraine-dammed GLOFs

Moraine-dammed lakes have experienced extensive and frequent
outbursts in recent decades®. Here, we specifically examined global
moraine-dammed GLOFs that occurred between 1900 and 2020 to
establish a robust inventory, which could then be used to analyze GLOF
characteristics. Omissions and recording errors significantly affect the
quality of inventories and the reliability of subsequent analyses. These
issues stem in part from regionality challenges in GLOF research, as well
as from limited database cross-checking and geomorphic assessment.
To bridge these gaps, three key efforts were undertaken to develop a
robust inventory: dataset synthesis, outburst timing calibration, and
detection of previously unreported GLOFs.

First, the latest global GLOF inventory (version 4.0)*> was used as a
benchmark dataset that we supplemented with other regional inven-
tories and sporadically reported events. A total of 463 GLOFs during
1900-2020 were extracted from the global inventory®?; their locations
were traced using Google Earth. Additionally, we reviewed the first-
hand descriptions for each GLOF from the literature source where they
were first reported. Residual GLOF traces™, including decreases in lake
levels, breached dams, outwash fans, and downstream devastation
were further validated based on imagery archives of the Key Hole (KH)
(between the 1960s and 1984) and Landsat (since the 1980s) satellites.
Consequently, 120 GLOFs were excluded due to missing location,
duplicate records, or insufficient geomorphic evidence (Supplemen-
tary Table S2). Most of these unconvincing reports emerged in the
northern Tien Shan, where the drained lakes had very small pre-failure
areas (generally <0.005km?) or lacked evident damming features,
characterizing a distinctive pattern of repeated outburst. For example,
the Aksay Glacier alone accounted for 25 GLOFs during the study

period. Similar behavior was observed in 11 other counterparts,
resulting in a total of 93 GLOFs (Supplementary Fig. S6). This finding is
counterintuitive, as outbursts of moraine-dammed lakes are generally
non-repeating events unless the dam is only partially breached. Review
of original literature revealed that many GLOFs in this region were
described using qualifiers such as “very likely” or “likely”’®”". Based on
geomorphic evidence and the firsthand descriptions, some of these
reports likely correspond to glacial debris flows or drainages from
supraglacial or subglacial lakes. Other contributions and omissions
from our revised GLOF reports include the following:

(i) Shrestha et al.”” reported 331 moraine-dammed GLOFs in the
Third Pole during 1900-2020. Upon screening, 62 of these
events were not recorded in the global inventory, and 122 GLOFs
were deemed unreliable after assessment. Most of the excluded
GLOFs came either from preliminary geomorphic analyses by
Zheng et al.”? or from the northern Tien Shan. Lack of
geomorphic evidence was defined as two specific criteria: traces
existed before the lake formed, or the lake existed but no
definitive GLOF traces (Supplementary Fig. S7). Geomorphic
validations were conducted cautiously, ensuring that each
exclusion was well justified.

(ii) In the tropical Andes, Emmer et al.” conducted a systematic
geomorphic assessment and review of documentary data,
increasing the GLOF count from 53 to 160. Similarly, in the
Patagonian Andes, Colavitto et al.* applied the same method to
increase the GLOF count from 36 to 71. All validated moraine-
dammed GLOFs were incorporated into our revised inventory.
In Svalbard, Wieczorek et al.”* reported some GLOFs, but no
public data were available. Hence, we conducted our own search
in the region and included 9 events into the inventory. Those
events that did not originate from moraine-dammed lakes or
were merely due to periodic meltwater inflow/outflow causing
areal changes, were excluded. Additionally, some previously
overlooked sporadic reports, such as the 2002 Dasht GLOF in
Pamir”® and the 2018 Zalai Tsho GLOF in Nyaingentanglha’®,
were also incorporated. In total, dataset synthesis added 178
GLOFs into the latest global inventory (Supplementary Fig. S8
and Supplementary Table S3).

(iii)

Second, we constrained outburst timing to address imprecise
temporal records. A total of 256 GLOFs were labeled with broad time-
of-outburst window or “before-year” designations. By utilizing time-
series satellite imagery from KH and Landsat, we calibrated these
GLOFs and reduced the average timing uncertainty to 3.4 years. For
frequency analysis, GLOFs with defined windows were assigned the
outburst timing as the midpoint, whereas “before-year” events were
assigned a date five years prior to the indicated year. This ensured that
each GLOF had a specific failure date.

Third, previously unreported GLOFs were detected through sys-
tematic geomorphic assessments according to the methodology out-
lined by Emmer et al”. Dam breaches and lake level decreases are
typically preserved on centennial scales, while outwash fans and
downstream devastation can be obscured over several decades™.
Using these four key indicators, a holistic assessment and manual
supervision were conducted across all glaciated regions (Supplemen-
tary Fig. S9). Likely GLOF traces were first identified on Google Earth,
after which 1255 Sentinel-2A/B images acquired in 2020 were further
analyzed to detect and validate residual traces. This process led to the
discovery of 88 new GLOFs worldwide (Supplementary Fig. S10 and
Supplementary Table S4).

Classification of destructive GLOFs

Within the revised inventory, 287 GLOFs were collected from doc-
umentary sources, and 322 were detected via geomorphic assessments
conducted as part of the present study as well as from other earlier
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studies"**”>, A study in the Himalaya revealed that the newly detected
GLOFs tended to have shorter runout distances or occurred in areas
with lower population densities”. In contrast, documented events are
more likely to be associated with damage records and long-lasting
geomorphic impacts. To standardize reporting, GLOFs were categor-
ized into five different severity levels based on reported losses. Events
with no reported impacts on downstream infrastructure and com-
munities were classified as no damage, while the minor and moderate
levels were determined by the extent of infrastructure damage and
economic impact. The severe and catastrophic levels were character-
ized by tragic consequences, as indicated by the number of fatalities
and serious infrastructure losses such as hydropower plants (Supple-
mentary Table S5). Of the 113 GLOFs with recorded damage in our
inventory, 99 were derived from literature reports, including most of
the moderate, severe, and catastrophic cases. Additionally, to further
uncover links between GLOF severities and lake features, the pre- and
post-failure lake areas were manually delineated using satellite ima-
gery. For the GLOFs that occurred prior to the satellite era, their areas
were estimated based on early glacier extents and the lake accom-
modation potential (Supplementary Fig. S11). A total of 41 declassified
Corona KH-4 and 27 Hexagon KH-9, and 281 Landsat 4/5 TM, 74
Landsat 7 ETM+, and 158 Landsat 8 OLI_ TIRS images were utilized in
this process, as well as the prior GLOF trace validation and outburst
timing calibration.

Driving factors of GLOFs

The connections between climate change, response timelines, and
GLOF activity were described quantitatively. First, annual mean 2-m
temperature and precipitation records were extracted from the Cli-
mate Research Unit time-series version 4.05 (CRU TS v4.05)”” within
different buffer ranges (50, 100, 200, 400, 600, 900, and 1200 km, as
well as the global scale) around each of the GLOF locations within our
revised inventory, between 1900 and 2020. This enabled an evaluation
of possible climatic influences on GLOF activity across different spatial
scales. Meanwhile, to assess the potential for any delays between cli-
mate forcing and of GLOF incidence, the strength of correlations was
calculated between global GLOF frequency from 1940 to 2020 and
temperature/precipitation lagged by 0-39 years (i.e., from 1940-2020
to 1901-1981). We retained only those instanced where the Pearson’s
correlation coefficient (r) met the significance threshold of P<0.01 in
order to highlight only the most robust relationships. Notably, 16
GLOFs explicitly triggered by earthquakes or glacier surges were
excluded to focus on GLOFs that could potentially have been pro-
moted by climate change-related factors’.

Second, a Geographically Weighted Regression (GWR) model was
used to explore spatially varying relationship between GLOF activity
and potential driving factors. GWR accounts for local spatial hetero-
geneity by allowing regression coefficients to vary across geographic
space. It can be expressed as:

Yi=Bo (s v;) + By (u, v;) - x;+ & @

where y; is the dependent variable (GLOF frequency) at location i; x; is
the independent variable (including glacial lake expansion rate and ice-
rock avalanches frequency); B; is the location-specific coefficient at
coordinates(u;, v;); €; is the error term.

Two key driving factors were considered: (i) the glacial lake
expansion rate (km?%/5a) during 1990-2020, derived from the latest
global glacial lake inventory®, representing a long-term preparatory
factor; and (ii) the frequency of ice-rock avalanches during 1900-2019,
compiled from historical disaster archives*®, serving as a representa-
tive triggering factor. Together with the dependent variable of GLOF
activity, all data were aggregated to 1° x 1° tiles on consistent time-
scales. GWR was implemented in ArcGIS software with an adaptive
Gaussian kernel, and the optimal bandwidth was determined by the

corrected Akaike Information Criterion. Model performance was
evaluated via R?, residual diagnostics, and comparison with a global
Ordinary Least Squares regression model. The outputs consist of
spatially explicit local coefficients, reflecting the impact of lake
expansion or ice and rock avalanches on GLOF activity across different
glaciated regions.

Temporal trends of GLOFs

A generalized additive model (GAM), which is a nonparametric
regression technique’®, was employed to evaluate the temporal trends
in GLOF frequency. This model decomposes the nonlinear effects of
the predictor variables into a sum of smooth functions, allowing it to
capture complex nonlinear relationships. The basic structure of the
GAM is expressed by the following equation:

p
gw=a+> fiX), )
j=1

where g(u) is the link function, a is the intercept term, and f;(X)) is the
smooth function of the predictor X;. Here, f; is specified using basis
functions such as splines, allowing the effect of each predictor to vary
nonlinearly, and X; denotes the j-th explanatory variable included in
the model.

In this study, the PoissonGAM was selected as the fitting model,
which is appropriate for modeling count data with the year as the
predictor variable®. The model utilized quadratic spline functions for
smoothing, and cross-validation and the Akaike information criterion
was used to assess the model performance. To further evaluate the
model’s significance, the estimated slopes of each smooth function
and the associated p-values of the fitted trends were calculated.
Additionally, the estimated degrees of freedom (edf) were calculated
to reflect the model’s complexity and smoothness, and the chi-squared
(x?) statistic was used to assess the goodness of fit.

Data availability

The Landsat and KH images can be downloaded from the United States
Geological Survey (USGS) at https://earthexplorer.usgs.gov/. The
Sentinel images can be downloaded at https://dataspace.copernicus.
eu/. The CRU TS dataset can be downloaded at https://crudata.uea.ac.
uk/cru/data/hrg/. The version-controlled inventory of global glacial
lake outburst floods can be downloaded at http://glofs.geoecology.
uni-potsdam.de/. The latest inventory of ice and rock avalanches
inventory can be downloaded at https://doi.org/10.11888/Cryos.tpdc.
272812. The inventory of global glacial lakes in 1990 and 2020 can be
downloaded from the National Tibetan Plateau/Third Pole Environ-
ment Data Center at https://doi.org/10.11888/Cryos.tpdc.300938. Our
revised global-scale GLOF inventory can be downloaded at https://doi.
org/10.5281/zenodo.14643434.

Code availability
Code for the trend analysis of PoissonGAM is available at https://
github.com/Taigangl/GLOF.
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