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Depuis 1989, le Groupe
Intergouvernemental d’Experts sur
I’évolution du Climat est mandaté
par ses Etats membres, sous
I'égide de I'Organisation
Meétéorologique Mondiale (OMM) et
du Programme des Nations Unies
pour I'Environnement (PNUE),
dans le cadre de la Convention
Cadre de 'ONU sur le Changement
Climatique (UNFCCCQC), pour
produire des rapports
synthétisant I'état des
connaissances sur I'évolution
passée du climat, ses impacts
passeés et futurs, et les approches
possibles pour limiter les impacts
et risques climatiques.
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GIEC
Depuis 1989, le Groupe
Intergouvernemental d’Experts sur
I’évolution du Climat est mandaté
par ses Etats membres, sous
I'égide de I'Organisation
Meétéorologique Mondiale (OMM) et
du Programme des Nations Unies
pour I'Environnement (PNUE),
dans le cadre de la Convention
Cadre de 'ONU sur le Changement
Climatique (UNFCCCQC), pour
produire des rapports

synthétisant I'etat de§ _ Groupe 1 : Bases physiques
connaissances sur I'evolution Groupe 2 : Impacts, adaptation et vulnérabilité
passée du climat, ses impacts Groupe 3 : Atténuation (émissions)

passeés et futurs, et les approches

possibles pour limiter les impacts  Rapports spéciaux multi-groupes (e.g. SREX,
et risques climatiques. SR15, SRCCL, SROCC)
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| 7R Le processus d’élaboration des
‘D b'd rapports s’appuie sur une co-
e construction entre les scientifiques

Scoping Approval of Outline Nomination of authors
~n " y
The outline is drafted and developed The Panel then Governments and observer (’ , ' t d ) |
by experts nominated by governments approves the outline organizations nominate a I r Ise m u Vre et es
and observer organizations experts as authors

gouvernements (maitrise d’ouvrage).

” 0 s $a9
*J_\- m. : R , : :
| ] Dialogue des la préparation des sujets
e e e e v Selecton ok wahrs traités, structure des chapitres, type de
dociemmio et TGRS S contenu (scoping), puis revues

e 0 9 intermédiaires (2 itérations avec

‘ experts scientifiques spontaneés et
revue gouvernementale, +1 revue
gouvernementale sur le résume pour

-."u

Final draft report Government review Approval & acceptance
and SPM of final draft SPM of report

/;uthors prepare final drafts Governments review the Working Group/Panel , . . , . x
h d SPM which final draft SPM i i SPMs and
. e = décideur avant adoption en pléniere).

Peer reviewed and internationally
available scientific technical and Publication
socio-economic literature, manuscripts of report

. Approche de facto transdisciplinaire ...

made available for IPCC review and
=  selected non-peer reviewed literature
produced by other relevant institutions

shihonsighiiieat el nisekingil Processus rodé, sur 2 a 3 ans.
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Evolutions de latempérature moyenne globale en surface
Réchauffement de plus de 1°C depuis le milieu du 19¢™e siecle.

Increase above

Global 60-month average
temperature pre-industrial level
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Projections climatiques et incertitudes

Le climat futur ne peut étre approché que par la modélisation climatique, qui
est affectee par une incertitude « modele » liée a I'incompléte connaissance
des processus et leur implémentation, et une incertitude « intrinseque » liée a
la variabilite naturelle du climat. Les scénarios « RCP » correspondent a
differentes evolutions sociétales possibles (SSP) et différentes trajectoires
d’émissions de gaz a effet de serre. Projection et non prévision ...

RCP : « Representative concentration pathways »
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. energies fossiles
= Fortes émissions RCP8.5
E 8¢} 25
g 2L 20 C RACF GO, pathways II,.: — CMIF5 mean
5 - RO RCP&E S+ == AN scenaric
> C RGPE.0 1
= B F i - a0l RCP4.5 / i
® e 15] [ — RCP26 / ] P
B 5 o r-‘". Q - 400 A A
o Stabilisation 2 of L v
= -~ I — A
@ -~ - 2006, /
g 4t = O - 7050 1900 1950 2000 2050 2100 e
- - s nf*
— L -
= = , . , . . .-q,l‘u"lﬂ, ...... e e W
2 a g Réduction des emissions RCP2.6 0 N\W‘

L L 1 1 1 1 L 1 1

1
2000 2020 2040 2060 2080

Year

2100

-5 N B SR SR

1850 1200 1950 2000
Years

2110




uadhg-1pl

. - Observatoire:{ A osuUG
= Universite .

P Grenoble Alpes scerny o e FRANCE

Projections climatiques et incertitudes
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Climat et événements extrémes

Le climat s’étudie sur le temps long (30 ans au moins), permettant de faire
des statistiques a partir des conditions méteorologiques.

Quand le climat change, cela
induit des modifications sur la

~" | (b) Daily Maximum valeur moyenne a grande
,  ICTREREUIFES échelle (e.g. +1.5°C, 2°C a
Lol 'échelle planétaire) mais aussi
£ 19141980 1981-2010 des modifications a échelle
8 0.04 locale et pour les valeurs
g | extrémes.

0.02
' Il faut préciser de quoi on parle

(valeur extrémes, intensité

15 -10 -5 5 10 15 des extrémes etc.) !
Temperature Anomaly (°C)

GIEC, 2013
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Synthese des impacts du changement climatique en montagne
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Synthese des impacts du changement climatique en montagne
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Changements observés (SPM, SROCCQC)

Al.3 [Le degel] du pergélisol et le recul des glaciers ont diminué la stabilité
des versants de haute montagne (degré de confiance élevé).

A7.5 : Au cours des dernieres décennies, I'essor démographique, le tourisme
et le développement socioéconomique ont accru I’exposition des
personnes et des infrastructures aux aléas naturels (degré de confiance
élevé). Certaines catastrophes ont été attribuées aux changements de la
cryosphere, par exemple dans les Andes, les hauts plateaux d’Asie, dans le
Caucase et les Alpes europeennes (degré de confiance moyen).
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Projections futures (SPM, SROCC)

B1.5 Dans de nombreuses zones de haute montagne, il est projeté que le
recul des glaciers et le dégel du pergélisol continueront a réduire la
stabilité des versants, tandis que le nombre et la superficie des lacs
glaciaires continueront a augmenter (degré de confiance élevé).

Il est projeté que les crues dues aux vidanges brutales de lacs glaciaires ou
aux evénements de pluie sur la neige, les glissements de terrain et les
avalanches surviendront aussi dans de nouveaux secteurs ou a differentes
périodes de I’'année (degré de confiance éleveé).
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Projections futures (SPM, SROCC)

7 : Il est projeté que les changements portant sur les crues, les avalanches, les
glissements de terrain et la déstabilisation du sol augmenteront les risques affectant
les infrastructures, les biens culturels, le tourisme et les activités récréatives (degré de
confiance moyen).

B7.1 Les risques de catastrophe affectant les communautés humaines, leurs modes
de vie et moyens de subsistance, devraient augmenter en haute montagne et dans
I'’Arctique (degré de confiance moyen), étant donné I'évolution future d’aléas tels que
les crues, les feux, les glissements de terrain, les avalanches, les conditions
incertaines de neige et de glace et I’exposition accrue des personnes et des biens
(degre de confiance éleve). Il est projeté que les techniques actuelles de réduction
des risques perdront en efficacité du fait de I'évolution du caractére des aléas (degrée
de confiance moyen). D’ambitieuses strategies de réduction des risques et
d’adaptation pourraient aider a contrer la hausse des impacts provoqués par les crues
et les glissements de terrain en montagne au fur et a mesure de 'augmentation de
I’exposition et la vulnérabilité a ces aléas dans de nhombreuses zones montagneuses
au cours de ce siecle (degre de confiance élevé).
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High Mountain Areas

iCoordimating Laad Hurtfeors
Roging: Hock (US4, Gotam Rasul (Napal

Lezd Awrthiors:

Carolinz Adlar [Seritnarond'\Ausbally], Bollvar Choaes iBosador, Slephen Gruber |[Canadal
Cenmany], Tuklks Hirtoyeshl (apan], Midam Rcson [Norerg], Andioes KISC (Momwey],
Inkhang Kang (Ching), Fonsay Euuzow (Fussian Foderafon), Alkaondar Miner (U,
WK Molzu (Svwaden], Sameel Korn [Fance), Ban Drows (USY], Holdl Siolter (USS)

2.3 Mountain Social-Ecological Systems:

Impacts, Risks and Human Responses . 148
2.3.1 WaterResources.... . .o 148
Box 2.3: Local Responses to Water Shortage

in northwestlIndia. . .. 156

2.3.2 Landslide, Avalanche and Flood Hazards ... 158



Observatoire

Université

OsuG

Obsarvatoira des
Sciences de |'Univers
de Grenoble

- UCA
2

= Université

> Grenoble Alpes

de Toulouse O
MP

INRAZ @

(Cross-Chiapter Box 4 in Chapter 1) together with improved scientific understanding and teclnical capacifies.
strong local participation and early engagement in the process. and high-level communication and exchange
between all actors. Particularly for mountain regions, there is high confidence that mtegration of knowledge
and practices actoss natural and social sciences. and the humanities, is most efficient in addressing compler

Texte principal

232 Landslide, Avalanche and Flood Hazards
High mountains are particularly prone to hazards related to snow, ice and permafost as these
key controls on mountain slope stability (Haeberli and Whiteman, 2015). This section assesse
‘zamed since previous IPCC reports, in particular SREX. (e.g., Senevirame et al, 2012), and A
Group TT (Cramer et al., 2014). In this section, observed and projected changes in hazards are
Followed by exposure, vulnerability and resulfing impacts and sk, and finally disaster risk 1
adsptation. Cryospheric hazards that constitute tipping points are also listed in Table 6.1 in C

‘Hazards assessed i this section range from localised effects on mountzin slopes and adjacent
(distance of reach of up to several kilometres) to events reaching far into major valleys and &1
lowlands (reach of tens to hundreds of kilometres), and mclude cascading events. Changes in
due to climate change influence the frequency and magnirude of hazards, the processes invols
locations exposed fo the hazards (Figure 2.7). Natural hazards and associated disasters are spc
nature, and vulnersbility and exposure exhibit strong geographic variations. Assessments of ¢
‘based not only on direct evidence, but also on laboratory experiments, theoretical consideratic
calculations, and numerical modelling,

2321 Observed and Projected Changes
23201 Unstable slopes, landslides and glacier insiabilities

Permaftost degradation and thaw as well as increased water flow info frozen slc
‘movement of frozen debris bodies, and lower their surface due to loss of grounc
processes affected engineered structures such as buildings, hazard protection st
all high mountains during recent decades (Section 2.3.4). Movement of frozen «
subsidence/heave are strongly related to ground temperature, ice content, and w
Kemer et al. 2017). Where massive ground ice gets exposed. retrogressive thr
al., 2012). The creep of rock glaciers (frozen debris tongues {hat slowly deform
expecied to accelerate in response to rising ground temperatuzes, until substanti
have melted out (Kaab et al., 2007; Arenzon et al. 2015a). As documented for i
European Alps and Seandinavia for recent years to decades, rock glaciers repley
zones at their fronts, so that the intensified matenal supply associated with acce
222.4) contributed to increased debris-flow activiy (higher frequency, larger mi
destabilization, (Stoffel and Graf, 2015; Wirz et al., 2016; Kummert et al, 2017

There is high confidence that the frequency of rocks defaching and falling from
increased within zones of degrading permafiost over the past halfcenfury, for i
North America. New Zealand. and Europe (Allen et al.. 2011: Ravanel and Del
2012; Coe et al., 2017). Compared to the SREX and ARS reports, the confidenc
Available field evidence agrees with theoretical considerations and calculations
increases the likelihood of rock fall (and also rock avalanches, which have larg:
falls) (Gruber and Haeberli, 2007: Krautblatter et al, 2013). These conclusions
observed ice in the detachment zone of previous events i North America, leela
al., 2006; Phillips et al, 2017, Semundsson et al., 2018). Swmmer heat waves k
rock instability with delays ofonly a few days or weeks in the European Alps (.
Ravanel et al 2017). This is in line with theoretical considerations about fast 1
in bedrock (Flasler et al., 2011) and other climate mpacts on rock stak
temperature variations (Luethi et al, 2015). Similarly, permzﬁusl thaw increase
of landslides from frozen sediments in many mountam regi
etal.. 2010; Lacelle et al, 2015). At lower elevations i the French Alps, thoug
such as a reduction i mumber of freezing days is projected to lead to  reductio
al., 2009)

ons in recent decade av

are frozen to bedrock, there is, however, medium evidence and high agreement from observations in the

Ewropean Alps and from numerical simulations that failures of large parts of these glaciers were and will be

facilitated in the future due to an increase in basal ice temperature (Fischer et al.. 2013; Faillettaz et al.,

2015; Gilbert et al., 2015)

In some regions, glacier surges constitute a recurring hazard. due to wide-spread. quasi-perior
substantial increases in glacier speed over 2 period ofa few months to years. often accompan.
advance (Hamison et al. 2015; Sevestre and Benn, 2015). In a number of cases, mostly in No
and High Mountain Asia (Bevington and Copland. 2014; Round etal., 2017; Steiner etal. 30
related glacier advances dammed rivers. causing major floods. In rare cases, glacier surges di
agricultural land and damage infrastructure (Shangguan et al.. 2016). Sevestre and Benn (201
swrging operates within a climatic envelope of temperature and precipitation conditions, and t
these conditions can modify surge frequencies and magnitudes. Some glaciers have reduced ¢
activity, or are projected to o so within decades, as a consequence of negative glacier mass t
etal, 2001; Kienholz et al , 2017). For such cases, also related hazards can be expected to de
contrast, intensive or increased surge activity (Hewitt, 2007; Gardelle et al, 2012; Yasuda an
occurred in a region on and around the westem Tibet plateau which exhibited no significant ¢
positive glacier mass balances in recent decades (Brun et al., 2017). Enhanced melt water prc
suggested to be able to trigger or enhance suge-type instability, in particular for glaciers that
both at the melting poiat and considerably below (Dunse et al., 2015; Yasuda and Furuya, 20
2019).

A rare type of glacier instability with large volumes (- 10-10° m’) and high mobility (up to
results from the complete collapse of large sections of low-angle valley glaciers and subseque
iceirock/debris avalanches. The largest of such glacier collapses have been reported in the Ca
Mountains in 2002 (Kolka Glacier, ~130 fxtalities) (Fuggel et al., 2005; Evans etal, 2009), ¢
Range in Tibet in 2016 (twin glacier collapses with 8 fatalities) (Kaab et al, 2018). Whereas

evidence that climate change has played a direct role in the 2002 event, changes in glacier mz
water input into the glaciers, and the frazen ragime of the slacier heds wer imvalved in the )
and at least partly linked with climat

s 2 ool watitve s ezm ‘projections mostly indicate an overall decrease

uture
elevation (Section 2.2.2), but the probability of oceur
projected to remain possible throughout most of the 2
p estimated an overall 20 and 30% decrease of natural a
or liquid water infiltration folowing, %< of the 21 ceatury, respectively, under A1B scem
Decple in avalanche terrain, the impa Katsuyama etal. 017) reached similar conclusions {
(Schweizer st al, 2003). There 1s yo North America. Avalanches involving wet snow are p
and aceidental avalanches triggered | Al elevations due to surface melt or rain-on-smow (e.2
expected to mduce changes in sponte e overall mumber and nmout distance of snow avala
{Naaim et a.. 2013; Stetnkogler ef o] EXperiencing significant reduction in snow cover (Mo
and high agreement that observed changes in avalancl
Ballesteros-Cinovas et al. (018) e fiture, with generally a decrease in hazard at lower el
Himalaya over the past decades relat (increase in avalanches involving wet snow. no clear ¢
Alps, avalanche numbers and runout
temperature (Teich et al, 2012; Ecke 3 Floods
decades, there has been a decrease in Glacier-related floods, including floods from lake outl
powder part since the 1980s, a decre: are documented for most glacierized mountain ranges
etal 2013; Lavigne et al.. 2015; Ga Past events affected areas tens to hundreds of kilomet
involving wet snow in December thr Retreating glaciers produced lakes at their fronts mm
Naaim et al., 2016). Land use and la (Frey et al., 2010; Gardelle et al, 2011; Loriaus and ¢
Hemindez ot al.. 1017 Giacona etal also often developed at the surfice of downwasting, I
Southem Oscillation (ENSO) were 1« temporally variable supraglacial lakes (Benn etal . 20
no significant temporal trend reparte ARS findings, there is high confidence that carrent gle
were reported by Sinickas et al (201 existing lakes to grow in most regions, for instance in
valanche activaty, climate change a1 (Loriaux and Casassa, 2013; Paul and Molg. 2014; Zt

23212 Snow avalanches
Snow avalanches can occur either s

particular in Europe, there is medium occurred and are expected to occur in the future for &
2 dectease in the size and ni-out dis melfvvater influ i fotal ed fo 2 negattve water bala
temporari: rivers, lake sections, or fiords (3
(Round et 2l , 2017), causing particularty large floods

[START BOX 2.4 HERE]

hazards and risks related to glaciers. snow, and permafiost.

Rax 2.4: Challenses tn Farmers and Toeal Papulation Related to Shrinkages in the Cryosphere:

snowpack, in particular the liquid water content (Wiirzer et al., 2016). An increase in the occurrence of rain-

on-snow events in high-elevation zones, and a decrease at the lowest elevations were reported (western USA.
1949-2003, McCabe et al. (2007); Oregon, 1986-2010, Surfleet and Tullos (2013); Swatzerland, 1972-2016,
Moran-Tejéda et al. (2016). central Ewrope, 1950~2010, Freudiger et al. (2014). These trends are consistent
with studies carried out at the scale of the Northern Hemisphere (Putkonen and Roe, 2003; Ye et al., 2008,
Cohen et al., 2015). There are no studies found on this topic in Affica and South America. In summary,
evidence since ARS suggests that rain-on-snow events have increased over the last decades at high
elevations. particularly during transition periods from autumn to winter and winter to spring (medium
confidence). The occurrence of rain-on-snow events has decreased over the last decade in low-elevation or
Iow-latitude areas due to a decreasing duration of the snowpack, except for the coldest months of the year
(medium confidence)

1 Jeong and Sushama (2018) projected an increase in rain-on-snow events in winter and a decrease in spring.
for the period 2041-2070 (RCP4.5 and RCPE.5) in North America, corroborated by Musselman et al. 2018).

Their frequency in the Swiss Alps is projected fo increase at elevations higher than 2000 m a 51 (SRES
ALB, 2023, 2055, and 2085) (Beniston and Stoffel, 2016), This study showed that the mmber of rain-on-
snow events may increase by 50%, with a regional temperatie increase of 2°C to 4°C, and dectease with a
temperature rise exceeding 4°C. In Alaska, an overall icrease of rain-on-suow events is projected. however
with a projected decline in the southwestern/southern region (Bieniek et al., 2018). In summary, evidence
since ARS suggests that the frequency of rain-on-snow events is projected fo increase and occur earlier in.
spring and later in autumn at higher elevation and to decrease at lower elevation (high confidence).

2.3.2.14 Combined hazards and cascading events
The largest mountain disasters in temms of reach, damage and Liv 23
oceured through a combination or chain of pracesses. New evid
findings (Anacona et al . 2015; Evans and Delaney, 2015). Some 2.3.2.21  Changes in expasure
others are rare, specific to local circumstances and difficult to an

in the dry season (Baraer et al., 2012; Vuille et al, 2018).
¢ have long recognized this glacier shrinkage, including
residents worried about glacier lake floods and glacier
fier hazards and the glacier nmoff variability mcrease
{ptive capacity (Rasmussen, 2016).

£d disasters is amplified by intersecting physical and soc
or newly forming glacial lakes, slope instability, and oflv
itation changes (Emmer et al., 2016; Colonia f al., 2017
jese hazards is conditioned by factors such as poverty
lal access to education and healthcare, and weak governn
ftal, 2012; Lynch, 2012; Carey et al., 2014; Heikkinen,
being. installed at glacial lakes Laguna 513 and Palcaco:
{e 513 was lowered by 20 m for oufbusst prevention in th
flood in 2010, though much smaller and less destructiv
Jout previous lake mifigation works (Carey et al,, 2012;
B a3 subsequently nsalled., but some local residents
e Eennn AT Thom manios T ol

Dalann

vy

22 Expasure, Vulnerability and Inpacts

Confirming findings from SREX, there is high confidence that the exposure of people and infrastruct

‘mountain regions and over recent deeades documented to have b cryosphere hazards in high mountain regions has increased over recent decades, and this trend is exp
ice- or rock-avalanches, landslides, iceberg calving events, or by contiue i the future (Figure 2.7). In some regions, tourism development has increased exposure, wl
subsurface drainage chamnels (Benn et al. 2012: Narama etal_ 1 ofien weakly regulated expansion of infrastructuse such as roads, trails, and overnight lodging broug]

catastrophic faifure along fords caused tsumamis (Hermanns et a

a landslide-generated wave in 2015 at Taan Fjord, Alaska, ran uj cOnsequences of ncreased exp

isitors into remote valleys and exposed sites (Gardner et al., 2002; Uniyal, 2013). As an example fo
osure, many of the more than 350 fatalities resulting from the 2015

travelled mote than 20 kn down the fjord (Figman et al,, 2018). eartaquake-iriggered snow-ice avalanche in Langtang, Nepal, were foreign tekkers and their local o
different types of cascading events, for instance by causing snow (Kargel et al . 2016). Further, several thousand religious pilgrims were kalled during the 2013 Kedarx
(vam der Woerd et al, 2004; Podolskiy et 2010: Cook and By glacier flood disaster (State of Utiarakhand. Northern India) (Kala, 2014). The espansion of hydropo
Glaciers and their moraines, including morainic lake dams seem, (Section 2.3.1) is another key factor, and in the Himalaya alone. up to two-thirds of the current and p

earthquake-triggered failure (Kargel et al., 2016)

hydropower projects are located in the path of potental glacier floods (Schwanghart et ol 2016). Ch

exposure of local communities, for instance through emigration driven by climate-change related thre
Landslides and rock avalanches in glacier enviromments were off (Gr and Aide, 2007: Gosai and Sulewski. 2014). or increased connectivity and quality of life inwrt g
Suidize, and incorporate additional loose glacial sediments or w; centres (Tiwari and Joshi, 2015), are complex: and vary egionlly. The fficts o changes i exporr

d in Section

‘mobility. vohume and reach (Schneider et al., 2011: Evans and D 1abour migration and relocation of
glaciers triggered glacier advances in recent decades, for instane

Euope, manly through reducing surface melt (Deline. 2009: Re 23
2013). In glacier-covered frozen rock walls. particularly compl

Changes in vulnerability

Considering the wide-ranging social, economic, and institutional factors that

the Cordilleras of the Americas, but also from the Aleutian arc (USA), Mexico, Kamchatka (Russia), Japan,
New Zealand and Iceland (Seynova et al.. 2017). In particular under Icelandic glaciers, volcanic activity and
eruptions melted large amounts of ice and caused especially large floods if water accumulated undemeath
the glacier (Bjomsson. 2003; Senevirame et al 2012). There is medium confidence that the overall hazard
related to floods and lahars from ice- and snow-clad volcanoes will gradually diminish over years-to-decades
as laciers and seasonal snow-cover continue to decrease under climate change (Aguilera et al. 2004; Barr et
al..2018). On the other hand. shrinkage of glaciers may uncover steep slopes of unconsolidated volcanic
sediments, thus decreasing in the futwe the resistance of these volcano flanks to heavy rain fall and

fbe slaciers in the tropics. and ifs glacier coverage declined increasing the hazard from related debris flows (Vallance, 2005). In summary, future changes in snow and
2014; Mark et al, 2017). Since the 1940s, glacier hazards - ice are expected to modify the impacts of volcanic activity of snow and ice-clad volcanoes (high confidence)
fhreatening. Glacier wastage has also reduced river runoff

although in complex and locally variable ways and at a variety of time-scales (Barr et al., 2018; Swindles et
al. 2018).

temporary of permanent evacuation (Oliver-Smith. 1979). According to the International Disaster -
Emergency Events Database (EM-DAT). over the period 1985-2014, absolute economic losses in mountain
regions from all fload and mass movements (including non-cryosphere origins) were highest in the Hindu-
Kush Himalaya region (USD 45 billion), followed by the European Alps (USD 7 billion), and the Andes
(USD 3 hillion) (Staubli et a1, 2018). For example, a project to dig a channel in Tsho Rolpa glacier in Nepal
that lowered a glacial lake cost USD 3 million in 2000 (Bajracharya, 2010), and similar measures have been
taken at Imja Tsho Lake m Nepal m 2016 (Cuellar and McKinney, 2017). Other 1mpacts are related to
drinking and irrigation water and livelihoods (Section 2.3.1). In summary, there is high confidence that in the
context of mowntain flood and landslide hazards, exposwe. and vulnerability growing in the coming century.
significant risk reduction and adsptation strategies will be required to aveid increased impacts.

2.3.2.3 Disaster Risk Reduction and Adaptation

There is medium confidence that applying an integrative socio-ecological risk perspective to flood. avalanche
and landslide hazards in high-mountain regions paves the way for adaptation strategies that can best address
the underlying components of hazard, exposure and vulnerability (Carey et al, 2014; McDowell znd Koppes,
2017; Allen et al, 2018; Vaidya et al 2019). Some degree of adaptation action has been identified in a
‘oumber of countries with slacier-covered mountain ranges, mostly i the form of reactive responses (Father
then formal anticipatery plans) to high-mountain hazards (Xenarios et al., 2018; McDowell et al. 2019)
(Figwe 2.9). However, scientific iterafure reflecting on lessons leamed from adaptation efforts generally
remains scarce. Specifically for flood and landslide hazards, adaptation strategies that were applied include:
‘hard engineering solutions such as lowering of glacier lake levels. channel engineering. or slope stabilisation
that reduce the hazard potential; nature-based solutions such as revegetation efforts to stabilise hazard-prone
slopes or chamnels: hazard and risk mapping as & basis for land zoning and early warning systems that reduce
‘potential exposure: various community-level interventions to develop disaster response progranumes. build
Tocal capacities and reduce vlnerability. For example, there is a long tradition of engincered responses to
reduce glacier flood risk, most notably beginning in the mid-20th century in Peru (Box 2.4), Italian and
Swiss Alps (Hacberls et al., 2001), and more recently in the Himalaya (Ives et al., 2010). There is no
‘published evidence that avalanche risk management, throush defence structures design and norms, control
‘measures and waming systemms, has been modified 2 an adaptation to climate change, over the past decades
Erojected changes i svalanche bear reductions of the of current approaches
r and avalanche (Ancey and Bain, 2015)

Early waming systems necessitate strong local engagement and capacity building to ensure communities
kmow horw to prepare for and respond to emergencies, and to ensure the long-term sustainability of auy such
‘project. In Pakistan and Chle, for instance, glacier flood warnings, evacuation and post-disaster relief have

to

hydrologic interactions between steep glaciers, frozen rock and i adequately prepare for, respond to, and recover from climate change impacts (Cutter and Morath. 20
lead to combined rock/ice instabilities that are difficult to observ there is limited evidence and high agreement that mountain communities, particularly within develop
etal, 2013; Ravanel etal, 2017). There is lmited evidence of ol countnes, are hughly vulnerable to the adverse effects of enhanced cryosphere hazards. There are few

trends. However, from the observed and projected degradation o that have y mvestigated the

increase in glacier lakes itis reasonable to assume that event cha

of mountain to natural hazards (C

al., 2017). Coping capacities to withstand impacts from natural hazards in mowntein communities are

frequency or magnifude, and that according hazard zones could « constrained due to a mumber of reasons. Fundamental weather and climate information is lacking to s
both short-termm early waming for mminent disasters, and long-temn adaptation planning (Robrer et a
Volcanoes covered by snow and ice often produce substantial my 2013; Xenarios etal,, 2018). Communities may be politically and socially marzinalised (Marston, 20

for livelihood

resuls i floods and/or labars (mixtures of melowater and volcan 1ncomes are ypically lower and

resticted (McDowell et ¢

wviolent and cause large-scale loss of life and destruction to infras 2013). Emergency responders can have difficulties accessing remote mountain valleys after disasters

A range of slope mstability types was found to be connected to glacier retreat (Allen et al., 2011; Evans and
Delaney, 2015). Debris left behind by refreating glaciers (moraines) slid or collapsed, or formed fast flowing
water-debris mixtures (debris flows) in recent decades, for instance in the European and New Zealand Alps
(Zimmermann and Eaeberl, 1992; Blair, 1994; Curry et al., 2006; Eichel et al . 2018). Over decades to
‘mallennia, or even longer, rock slopes adjacent to ot formerly covered glaciers, became unstable, and. m
some cases, eventually collapsed. Related, Landslide activity increased in recently deglacierized zones in
‘most high mountains (Kerup etal, 2012; MeColl, 2012; Deline et al, 2015; Kos et al_, 2016; Serrano etal.,
2018). For exanple, according to Cloutier et al. (2017) more than fu-thirds of the large landlides that

occurred in northem British Columbia between 1973 and 2003, occurred on cirque walls that have been
exposed after glacier refreat from the mid-19th century on. Ice-rich permafzost environments following
glacial retreat enhanced slope mass movements (Oliva and Ruiz-Femandez, 2015). At lower elevations, re-
Vegetation and rise of tree limit are able to stabilize shallow slope instabilities (Curry et al. 2006). Overall,
there is high confidence that glacier rereat in general has in most high mounfains destabilized adjacent
debris and rock slopes over fime scales from years to millennia, but robust statistics about curzent trends in
this development are lacking. This finding reconfirms, and for some processes increases confidence in
related findings from the SREX and ARS reports.

te-dri

Ice break-off and subsequent ice avalanches are natural processes at steep glacier fronts. How cl

bodies in and under glaciers are able to cause floods 5
about the processes mvolved and any trends under cli - Ruiz volcano, Colombia, produced lahars
played a role so that climate-driven changes in therms  (Pierson et al. 1990).

1g on local conditions (Gilbert et al , 2012).
subsequent floods has been subglacial valcanic activity (Section 2.3.2.1.4). There is also high confidence that
the number and area of glacier lakes will continue to increase in most regions in the coming decades, and
new Lakes will develop closer to steep and potentially unstable mountain walls where lake outbursts can be
‘more easily triggered by the impact of landslides (Frey et al., 2010; ICIMOD, 2011; Allen etal., 2016,
Linsbauer et al, 2016; Colonia et al, 2017; Hacberli et al. 2017)

In contrast to the munber and size of glacier lakes, trends in the mumber of glacier-related floods are not well
Known for the recent decades (Cammivack and Tweed, 2016; Harrison et al., 2018), although a number of
phases of increased and decreased flood activity have been documented for individual glaciers in North
America and Greenland, decades (Geertsema and Clague, 2005, Russell et al., 2011). A decrease in
‘moraine-dammed glacier lake oufburst floods in recent decades suggests a response of lake cutburst activity
being delayed by some decades with respect to glacier retreat (Hamson et al., 2018) but iventories nuight

changes in geometry end thermal regime of such glaciers infuenced ice avalanche hazards over years to
decades depended strongly on local conditions. as shown for the European Alps (Fischer et al., 2013;
Faillettaz et al, 2015). The few available observations are msufficient to detect trends. Where steep glaciers

the mumber of events (Veh et al.. 2018). For the Himalaya, Veh et al. (2018)
found no increase in the number of glacier lake outbusst floods since the late 1980s. The degradation of
permattost and the melting of ice buried in lake dams have been shown to lower dam stability and contribute
to outburst floods in many high-mountain regions (Fujita et al.. 2013; Erokhin et al.. 2017; Narama et al.
2017)

Floods originating from the combination of rapidly melting snow and intense rainfall, referred to as raini-on-
$00W events, are some of the most damaging floods in mountain areas (Pomeroy et al. 2016; Il Jeong and
Sushama, 2018). The response of a catchment to a event depends on the
characteristics of the precipitation event, but also on furbulent fluses driven by wind and humidity. which
typically provide mot of the melfing energy during such events (Pomeroy et al. 2016). and he s of the

devastating example from recent history occurred in 1985, when (Sati and Gahalaut. 2013). Cultural or secial ties to the land can limit freedom ‘of movement (Oliver-!

ars that killed more than 2 1996). Conversely, there is evidence that some mountain commmmities exhibit enhanced levels of res:

. Hazards associated with ice and snow-cla¢ drawing on long-standing experience. and Indigenous Knowledge and Local Knowledge ained over
r

centuries of living with extremes of climate and related disasters (Gardner and Dekens, 2006). In the.
of sufficient data, few studies have considered temporal trends in vulnerability (Huggel et al., 2015a)

23223 Impacts on livelihoods
Empirical evidence from past events shows that cryosphere-related landslides and floods can have se:
impacts on Lives and hivelhoods, often extending far beyond the directly affected region. and persisti
several years. Glacier lake outburst floods alone have over the past two centures directly caused at le

largely been led (Ashraf et al . 2012; Anacona et al. 2015).

Cuter et al. (012) highiight the postecovery and reconstruction period a3 an opporunicy o buld new
resilience and p: Ziegler etal. Q01 vhen such process is ushed
or pooriy supported by appropriate long. term ylannmg e following the 2013 Kedamath glacier
flood disaster, where guest houses and even schools were being rebuiltin the same exposed locations, driven
by short-term perspectives. As changes in the mountain cryosphere, together with socio-economic, cultural
and political developments are producing conditions beyond historical precedent, related responses are
suggested to inchude forward-thinkmg planning and anticipation of emerging nsks and opportunities r
(Eiaeberli et al., 2016).

Researchers, policy-makers, intemational donors and local communities do not always agree on the timing of
disaster risk reduction projects and programs, impeding full coordination (Huggel et al., 2015b; Allen etal,
2018) Several uthors gt the value of mproved evdential bass to mdepin adaptation planning.
Thereby. that places human societies at the cenfre of
studies provides a basis P P adaptation strategies (McDowell et al., 2014;
Carey et al., 2017; McDowell ef al, 2019; Vaidya et al., 2019).

In summary, the evidence from regions affected by cryospheric floods, avalanches and landslides generally
confims thefndings from the SREX. report (Chapte 3. ncuding he requirement ol proned
approaches customised to local circumstances, inte enous Knowledge and Local Knowledze

deaths in Europe, 5745 deaths in South America, and 6300 deaths in Asia (Camvick and Tweed, 2016
although these numbers are heavily skewed by individual large events occuming in Huaraz and Yungay, Per

(Carey. 2005) and Kedamnath India (Allen et al . 2016b).

Economic losses assoeiated with these events are incurred through two pathways. The first consists of direct

Losses due to the disasters, and fhe second includes indirect costs from the additional risk and loss of
potential . or from additonal ivestment that would be

ary to manage or adapt to the

challenges brought about by sphere ch d ‘impacts from

floods have

been greatest in Nepal and Bhutan (Carrivick and Trwced, 2016). The disruption of vital ransportation
cormdors that canimpact tradingof s and sraces (Gupla and Sab, 2008 Khonal et al. 2015), and he

loss of eamings from tourism can represent -reaching and |

thiger and

Elsasser, 2004; THCAP, 2017). The Dig Tsho flood in the Khumbu Himal n(\lepal in 1985 ﬂanugsi a

hydropower plant and other properties, with estimated economic losses of USD 500 million (Shrestha
2010). Less tangible, but equally important impacts concern the cultural

etal,

social disruption resulting from
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Observations et modeles de climat indiquent des changements a long terme de la
distribution des valeurs rares et extrémes en hydrométéorologie de montagne,
avec des conséguences sur les caractéristiques (fréguence, intensité) des
aléas.

Les fluctuations climatiques a eéchelle décennale (oscillations, variabilité etc.)
masquent les tendances de fond pour les précipitations. Le signal de température est
plus clair, sans ambiguité, avec des implications pour les précipitations neigeuses et
I'état de la neige au sol.

En montagne, les enjeux sont souvent multi-variés (compound events): ce n’est pas
tant I'extréme météo qui joue sensu stricto, mais surtout la combinaison de
facteurs (état de la neige au sol, température, précipitations, vent etc.).

Roéle important de I'évolution cumulative de certains systémes (glaciers, évolution
pergélisol) qui se superpose a des facteurs de declenchement plus soudains.

Besoin de poursuivre le travail inter/transdisciplinaire !

Co Péle Alpin Risques Naturels




