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Distribution of lakes in the Third Pole regions
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Number and area of glacial lakes increasing rapidly
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Himalayan glacier mass loss
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early twenty-first century
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Global glacier change in the 21st century:
Every increase in temperature matters
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flowline model (7) based on the shallow-ice
approximation (16), the effects of debris thick-
ness on sub-debris melt rates (17), and frontal
ablation (8). Our estimates of glacier contri-
bution to sea level rise also account for the
~15% of ice from marine-terminating glaciers
that is already below sea level (18). Projections
are also reported for SSPs and RCPs to highlight
differences compared with previous studies.
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allof Earth's glaciers. We extensively validate our estimates against independent,
high-precision measurements and present a globally complete and consistent
estimate of glacier mass change. We show that during 2000-2019, glaciers lost amass
of 267 + 16 gigatonnes per year, equivalent to 21+ 3 per cent of the observed sea-level
rise®. We identify a mass loss acceleration of 48 + 16 gigatonnes per year per decade,
explaining 6 to 19 per cent of the observed acceleration of sea-level rise. Particularly,
thinning rates of glaciers outside ice sheet peripheries doubled over the past two
decades. Glaciers currently lose more mass, and at similar or larger acceleration rates,
than the Greenland or Antarctic ice sheets taken separately™. By uncovering the
patterns of mass change in many regions, we find contrasting glacier fluctuations that
agree with the decadal variability in precipitation and temperature. These include a
North Atlantic anomaly of decelerated mass loss, astrongly accelerated loss from
northwestern American glaciers, and the apparent end of the Karakoram anomaly

Daniel Farinotti®®, Brian Menounos™'>, Robert W. McNabb'*

laciers, here referring to all glacial land | results were extended to shared socioeconomic
ice excluding the Greenland and Ant- | pathways (SSPs) using statistical models of these
arctic ice sheets, are responsible for 21 + | simulations (6). GlacierMIP provided these
3% of sea level rise from 2000 to 2019, | projections at regional scales based on sim-
contributing 0.74 = 0.04 mm sea level | ulations from 11 glacier evolution models that
equivalent (SLE) yr™" (7). Projections suggest | varied with respect tothe complexity of model
this contribution could increase to 2.5 mm | physics, simulated physical processes, model
SLE yr™' by 2100 (2). Glaciers are also a crit- | calibration, spatial resolution, and modeling
ical water resource for ~1.9 billion people (3). | domain. Calibration data varied from in situ

mean temperature increases, the glacier pro-
jections are aggregated into +1.5°C, +2°C, +3°C,
and +4°C temperature change scenarios by
2100 relative to preindustrial levels (Fig. 1).
Globally, glaciers are projected to lose 26 +
6% (+1.5°C) to 41 = 11% (+4°C) of their mass
by 2100, relative to 2015 [ensemble median +
95% confidence interval (CI)]. This mass loss
would increase mean sea level by 90 + 26 mm
SLE under the +1.5°C scenario and 99 + 31 mm

of mass gain'’. We anticipate]
understanding of drivers th
our capabilities of predictin
benchmarked against obser
for thelocal-and regional-sd
risks, as well as for the global

However, these studies did not consider
subaqueous mass loss.

ks of less than 300 of the world’s
15,000 glaciers to regional geo-
gravimetric mass balance obser-
hermore, only one global model
Icier dynamics using a flowline
hereas all others relied on em-
le-area scaling or parameteriza-

About 200 million people live on land thatis predicted to fall below the
high-tide lines of rising sea levels by the end of the century", whereas
more than one billion could face water shortage and food insecurity
within the next three decades®. Glaciers distinct from the ice sheets
hold a prominentrole inthese outcomes as the largest estimated con-
tributor to twenty-first century sea-level rise after thermal expansion’,
and as one of the most climate-sensitive constituents of the world’s
natural water towers'*", Current glacier retreat temporarily mitigates
water stress on populations reliant on ice reserves by increasing river
runoff', but this short-lived effect will eventually decline'. Under-
standing present-day and future glacier mass change is thus crucial
to avoid water-scarcity-induced sociopolitical instability™, to predict

the alteration of coastal areas due to sea-level rise*, and to assess the
impacts on ecosystems'® and cryosphere-related hazards®.
Nevertheless, glacier mass change stands out as one of the
least-constrained elements of the global water cycle, identified as a
critical research gapin the Special Report on the Oceanand Cryosphere
inaChanging Climate (SROCC) of the Intergovernmental Panel on Cli-
mate Change (IPCC)*. Observational limits stem from the fragmented
expanseof glacierized surfaces around the globe. Largely inaccessible,
only afew hundred of the more than 200,000 glaciers are monitored
insitu”. Notwithstanding recent progress in glacier monitoring from
space’®, global-scale remote-sensing-based studies have been so far
limited by (i) the coarse spatial resolution of satellite gravimetry, which

Swiss Federal Institute

glacier mass loss is therefore essential to sup-
port climate adaptation and mitigation efforts
for communities ranging from the coast to the
high mountains.

Previous projections of glacier mass loss
from the glacier model intercomparison project
(GlacierMIP) (2) estimated glacier contribu-
tion to sea level rise for ensembles of repre-
sentative concentration pathways (RCPs), and
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tions of mass redistribution; only one model
accounted for frontal ablation (i.e., the sum
of iceberg calving and submarine melt) of
marine-terminating glaciers (8), whereas all
others treated any glacier as land-terminating;
further, no global model accounted for debris
cover. Existing multimodel projections (2, 6, 9)
are thus limited to regional scales and ne-
glect key physical processes controlling glacier
mass loss.

We produce a set of global glacier projec-
tions for every glacier on Earth for SSPs from
2015 to 2100 by leveraging global glacier mass
balance data (7) and near-global frontal ab-
lation data (70-13). To provide policy-relevant
scenarios, our projections are grouped based
on mean global temperature increases by the

SLE under the +2°C scenario. The higher tem-
perature change scenarios of +3°C and +4°C
lead to contributions of 125 + 39 and 154 +
44 mm SLE, respectively, highlighting a 71%
increase between the +15°C and +4°C scenarios.

The rate of sea level rise from glacier mass loss
near the end of the 21st century ranges from
0.70 + 0.45 t0 2.23 + 108 mm SLE v depending
on the temperature change scenario (fig. SI).
For +1.5°C, the rate of sea level rise peaks at
129 + 059 mm SLE yr™' around 2035 and
declines thereafter whereas the rate for +4°C

steadily increases for the remainder of this
century. Similar trends are observed in the
area-averaged mass loss rate, where the max-
imum loss rate of 082 + 0.36 m water equivalent
(w.e.) yr" occurs around 2035 before dimin-
ishing to 059 + 0.34 m w.e. yr ' at the end of
the cent for the +1.5°C scenario; the mass
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Hidden Himalayan glacier melt

+ Water Mass

Geodetic mass loss subagqueous ice loss
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Distribution and variability of Himalayan glacial lakes

9,209 glacial lakes in 2020, 1,115 are proglacial lakes, accounting for 12% of total number and
25% of total area, 25% increase in number and 17% increase in area in 1990-2020.
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Spatio-temporal variations of proglacial lakes

Increase in number of proglacial lakes from 651 in 1990 to 1,115 in 2020 (+71%), area from
129.76 to 192.42 km? (+48%).
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16 glacial lakes surveyed from 2017 to 2022

47 lakes (59 times) bathymetry measurements
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Bathymetries of 16 glacial lakes measured
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Jialong Co

Glacier retreat and glacial lake expansion
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Changes in proglacial lake volume
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Hidden glacier mass loss in the Himalaya

About 2.7 Gt of subaqueous mass loss has been underestimated from 2000 to 2020,

representing ~6.5% of total mass loss of lake-terminating glaciers.
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GLOF in Thame village, Everest Region on 16 August 2024

._:-H"'-' - el

Photo: Pasanglhamu Rural i\/lunicipality




GLOF impact and risk assessment

GLOF frequency:
CLIMATE Potential for GLOF triggering
Natural
Variability

Glacier shrinkage - Lake formation

Anthropogenic
Climate Change

GLOF magnitude:
Affected downstream land area

Socio-economic
indicators

SOCIOECONOMIC
PROCESSES

Vulnerability

Socioeconomic
Pathways

RISK Adaptation and
Mitigation
Actions

Governance

Population density
Land use (Kullu district only)

Allen et al., 2016, Nat Hazards
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Historical GLOFs and potential dangerous glacial lakes in China
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Risk of potentially dangerous glacial lakes in the Bhutan Himalaya

The Lunana glacier complex contains 4 of the most PDGLs, where Lugge Tsho has caused a
significant outburst flood disaster and more than 30 deaths in 1994

Rinzin, Zhang et al., JoH, 2023



Locations of 4 potentially dangerous glacial lakes
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Field photos
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Downstream hazard, exposure, and risk
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GLOF:

30 October 2023, trigger: glacier avalanche

: _ _Thérthor

Credit: https://www.bbs.bt/news
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Cascading hazards from two recent GLOFs

In the past decade, two lakes (Ranzeria Co in 2013 and Jiweng Co in 2020) burst
within a single river basin in the eastern Nyaingéntanglha range.

Peng, Wang, Zhang et al., JoH, 2023



Locations of Ranzeria Co and Jiweng Co
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Ranzeria Co

Jiweng Co

Damage from two GLOFs
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Ranzeria Co






Changes of glacial lake area and volume

Ranzeria Co expanded by 123% from 1976 to 2012 and contracted by 53% in 2013 due to the
outburst. Jiweng Co grew by 54% from 1976 to 2020 and shrank by 57% after the dam breach.
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Chain process of two GLOF events

Ranzeria Co: outburst immediately by glacier avalanche and overtopping;
Jiweng Co: outburst gradually because of dam erosion caused by successive landslides
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Reconstruction of GLOFs in the Nyalam Poiqu River basin

GLOFs of Gongbatongsha Co on 5 July 2016 and Poiqu No.1 on 23 May 2002
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Changes in area and volume before and after dam failure

Gongbatongsha Co Poiqu No.1
a) 1995 2000 2005 2010 2015 2020 C) 1995 2000/ 2005 2010 2015 _ 2020
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Flood water depth and flow velocity reconstruction

Peak discharge of Gongbatongsha Co in Zhangmu town is ~1600 m3/s, and Poiqu No.1 in
Nyalam county is ~1000 m3/s.
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Global glacial lakes and historically recorded GLOFs

The number, area and volume of glacial lakes varies considerably, with glacial lakes
predominantly found on the margins of Greenland (31%), in the southern Andes (16%), in
Alaska and western Canada (16%), in the eastern Canadian Arctic (15%) and in HMA (6%).

a Glacial lake characteristics
Arg C ada, p ph V Scandlnavia

SSSSSS Arctic b GLOF characteristics Greenland periphery I/ /\ C‘I Seandinavia
=
O (1 i
‘ Asia, North II\ / ¢ . i . o 4
@ _ -
Alask4 81- .‘ 's) -
\ 3 )
e_ 1 lceland |
( (.)) Western Canada

and USA

O
\ 0'0'5
o«

n Can d and USA

550
@OOSA of each grid (km?)

More than 3,000 GLOFs from 850 to 2022
See Himalaya from a global scale

Zhang et al., NREE, 2024

Lake (dam) type 770
Bedrock l—®
> )
Volume of each grid (Gt) Combined EEJ
I:I:I:I:I:_ Ice { t&}- Low-latitude
O P N OPHHD® Moraine > Andes
Lake (km] New Zealand lacial
Volume rat Supraglacia Total number of \ New Zealan
Area ratio Englacial GLOFs in each a \ |
Number rati Other RGI region a | /
2,800 15 / N,
07 ) o o | ¢ — — 7
) SRS obo%qgogogqgo Sgutgem olobal
Total area i h ! -
RGI region (km?) Number fGLOF D

47



Methods for quantifying glacial lake changes

Mapping of glacial lake

Optical multispectral imagery, »Cloud computing

Cloud-free SAR imagery » « Artificial intelligence

Automatic
or semi-

automatic

High-resolution satellite data » ® Machine leaming

External triggers (landslide,
ice/snow avalanche, extreme rainfall)
L]

Risk
Socio-economic

exposure and
vulnerability

o Lake expansion

GLOF « lce dam flotation

Area—volume susceptibility

l GLOF

Volume—discharge Ice or rock
avalanchee
into a lake

® Dam stability

{(\

* Downstream sediment

%o W
Q"?Cal re la{'.f)“b“ transport and inundation

Hydrodynamics® h’a-"nic modeﬁ:“
of lake Moraine erosion

[ ]
Wave generation and failure

and overtoppin
Estimates of PRIng
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Global and regional changes in glacial lake area

Changes in the Andes, central Europe and Svalbard are relatively small, <10% per decade,
and in Iceland, Scandinavia and the Russian Arctic are relatively large, >40% per decade.

a Glacial lake area changes
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Triggers and mechanisms of GLOFs

lce-dammed lakes are the dominant type of GLOF. Moraine lakes are also a major source of
GLOFs, particularly in the Andes and the Himalaya, are usually triggered by pipe floods, buried
ice degradation, or by ice avalanches, snow avalanches or landslides.

a GLOFnitiation

b GLOFhazard chaln
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L |
| 7
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L
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Process of flood flow downstream
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Current climate

Future climate

Future glacial lake development

a Supraglacial lake b Proglacial lake

Supraglacial lake increase and
proglacial lake formation

C Ice-dammed lake

Adaptation

e

Countermeasure
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Future glacial lake development and GLOF hazards
Projections show an overall increase in the risk of future global GLOFs, but there are regional

differences, with a tripling of future GLOFs expected in HMA, relatively low potential future
GLOFs in the Western European Alps, the Cordillera Blanca in Peru.

a Projected glacial lake area b Projected glacial lake volume
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A monitoring network for mitigating Himalayan GLOFs

By integrating the hydrological and geomorphological characteristics of GLOFs, dam triggering
mechanisms and downstream impacts, field observations, remote sensing techniques, and
hydrodynamic modeling, this can provide support for early warning and disaster risk reduction.

Glacial lake monitoring network
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Field observations for Himalayan glacial lakes
e

Yunzhou USV
(unmanned surface
vessel, M70, and
5L20), CarlVinson
inflatable boat
(CND-470A)

HOBO Water-Level
Data Logger (U20)

HOBO Water
Temperature Logger
(MX2204)

Campbell Radar
Water-Level Sensor
(CR300 datalogger)

Acoustic Doppler
Current Profiler (M9)

DJI UAV (unmanned
aerial vehicle,
Phantom 4 Pro)

RTK (real-time
kinematic positioning,
Trimble R12)

HOBO soil moisture
sensor (S-SMC-M005)
and temperature
sensar (S-TMB_MO006)

Forsafe Infrared Night
Vision Timing-Lapse
Camera (H6)

TCCORS-GNSS BeiDou
monitoring system

SmartSolo seismic
sensor (IGU-BD3C-5)

(automatic weather
station, CR1000X)

Campbell AWS s

s

o
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4

Once for each glacial lake, every
3-5-yr interval for potentially
high-dangerous glacial lakes, and
annually for easily accessible lakes

Two water-level loggers for each
potentially high-dangerous glacial
lake with continuous real-time data
recording and transfer

Vertical section from lake surface to
lake bottom

One set of radar water-level sensor
for each potentially high-dangerous
glacial lake

Five to six annual measurements of
river discharge for each potentially
high-dangerous glacial lake combined
with water-level measurement

Once for each glacial lake, every 2-3
years for potentially high-dangerous
glacial lake and annually for easily
accessible lakes

Once for each glacial lake, 2-3-yr
interval for each potentially

high-dangerous glacial lakes, and
annual for easily accessible lakes

A set of soil moisture and temperature
sensors for each potentially
high-dangerous glacial lake with
continuous data recording

Two cameras for each potentially
high-dangerous glacial lake with
continuous data recording

One set of GNSS-BeiDou monitoring
system for each potentially
high-dangerous glacial lake

One seismic sensor for each
potentially high-dangerous
glacial lake

A set of AWS for one potentially
high-dangerous glacial lake

Bathymetry for
estimating lake
water volume

Lake level and lake water
temperature

Vertical lake water
temperature profile

Lake and river water level

Outflow of a glacial
lake, river discharge
downstream

Geomorphological
condition for DEM
producing photo

Lake surface elevation,
lake shore topography

Terminal and lateral
moraine soil moisture
and temperature

Photo of parent glacier of
the glacial lake

Displacement of the
terminal moraine of a
glacial lake

Natural microseismical

Wind speed and wind
direction, air temperature
and humidity, net
radiation, air pressure
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Field observation practices for Himalayan glacial lakes

aPresent state b Future state
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Mitigating future glacial lake outburst floods in the Himalaya

The disaster losses in the Himalaya during 1990-2023 intensified due to increasing downstream
exposure and vulnerability.
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Disaster risk reduction through systematic management

Implementing China's glacial lake risk management measures could reduce future flood
intensity by 24%, with reductions of up to 29% in regions outside China.
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Challenges in predicting GLOFs and suggested pathways forward

Develop new risk assessment frameworks, establish cascade-process coupling models,
develop an integrated space—air—ground observation network, and strengthen
transboundary collaboration and community-based co-management mechanisms.

o Prediction challenges of GLOFs @ Forward pathways

Diverse and highly nonlinear triggers =
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Heterogeneity of lake types «

Optical remote sensing limitations -
INSAR challenges «

Lack of critical datasets «

Scarcity of field data -
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Data gap for detecting GLOF events «

Difficulty in cross-border data sharing «
Low community engagement «

Disjointed regulatory framework «
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