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Definition and sensitivity to climatic parameters

Permafrost is perennially frozen ground and defiasdsoil or other lithosphere material
(including bedrock but excluding glaciers), at aiatale depth beneath the surface of the
earth, in which below freezing temperatures havistea continually for a long time, from
two to thousands of years. Permafrost influenceshydrology and stability of steep scree
slopes since ice-rich permafrost acts as a bawigroundwater percolation and can imply
local saturation within non-frozen debris. Additadly, permafrost thawing in non-
consolidated material can lead to a loss of cohmesiad to thaw-consolidation. The
penetration of the freezing front into previouslyatved material has the potential of
intensifying rock destruction through ice formatiorcracks and fissures. Such ice formation,
in turn, reduces the near-surface permeabilitjhhefrock walls involved and affects hydraulic
pressures inside the still open (non-frozen) fisduocks.

The climate is influencing permafrost, particulatliye active layer, which is melting
throughout summer and the transition periods. Smower plays an important role in
permafrost pattern by insulating it from low wintemperatures, and, as a consequence, the
extent and duration of the snow cover is a critfeator for permafrost evolution. If snow
falls in late autumn, then the low surface and tamperatures will effectively cool the
permafrost — if snow falls in early autumn, the wnmver insulates the ground, preserving
more of the summer heat deep within. Similarly,lyeanelting of snow cover exposes the
permafrost to long summer warming while the lateagdpearance of snow cover will reduce
ground warming.

For example, during the 2002-2003 winter in the SSwAlps, there were snow falls late in
autumn but early melting of the snow cover in gpriifhus, the permafrost had already
experienced a “bad winter”, with ground temperammemalieswhen the 2003 summer heat
wave occurretl Similar events were observed in France at th& gdacier of Laurichard
during the 2003-2004 winter. The effect of snowrach less important for permafrost at
steep summits and in bedrock. The warming and dagom of permafrost in ridges, peaks
and spurs is quicker and stronger because thdrbeatomes from several sides.

! R. Delaloye, personnel communications, 2007.



Based on observations, theoretical considerationd model simulations, permafrost
degradation is likely to be of critical importanéer natural hazards such as rock falls,
mudslides and debris flows, as well as interactiite other phenomena such as hanging
glaciers.

Observations in the Alpine Space

Permafrost in the Alps occupies an area that ispemable in extent to the glacierized area but
its secular evolution is less understood due tack bf measurements. Gradual melting of
Alpine permafrost has already taken place since eth@ of the Little Ice Age. Alpine
permatfrost in debris slopes is typically severalaseetres to more than 100 metres thick and
has a characteristic mean annual surface temperaéiween melting point and about - 3°C.
Permafrost at steep bedrock summits can reach tampes well below - 10°C.

Rock glaciers are also reacting to the rise in jpirThe Laurichard rock glacier (Hautes Alpes)
temperature. The melting of ice within rock
glaciers is leading to increased speeds |of
deformation. The movement of rock glaciers |is
a common feature in the Alps, indicated by an
increase in recent years from 20 % to 100 %|of
movements in the French, Swiss and Austrign
Alps. Measurements in the upper 60 metres|of
ground show a more or less stable surfdce
temperature between 1950 and 1980.

As a consequence of the exceptional warming irL880s, the annual rate of thaw settlement
due to melting ground ice in Alpine permafrost mfagve doubled since the 1970s and
reached the decimetre range per year. Boreholen@isgmns also indicate that permafrost

temperatures are now rising at a high rate althahegi can be drastically influenced by snow
cover conditions in early winter that may lead éoling phases.

A rapid warming of 0.5°C - 0.8°C during the lashttey in the upper decametres of Alpine
permafrost has been confirmed by borehole measutsmiesearchers in the PACE project
(Permafrost and Climate in Europe) have found teatipee increases between + 0.5°C and +
2.0°C over the past 60-80 years in permafrost soilSuropean mountain regions, from the
Sierra Nevada in Spain to the arctic archipelagBwaibard. The 2003 summer was of critical
importance in demonstrating the reaction of perosdfto high summer temperatures. For
example, the active layer at the monitored Swigsdi Schilthorn dropped from 3.7 metres to
4.2 metres in depth during the 2003 heat wave. B@42 the active layer had still not
recovered its initial position at 4 metres.

Laurichard rock glacier and permafrost (France)

In detail, the flow speed of the Laurichard roclaayr (Hautes-Alpes) shows successive
acceleration and deceleration during recent dec&seen 1979 and 1997, the speed was
roughly 25 cm/year with a slight inflection sinc@S8b.



Thereafter the flow accelerated together with otteak glaciers in the Alps, to reach a
maximum speed in 2001. The speed values then besamilar to those of the 1980-1990
period. The snowy winter of 2003-2004 clearly praed the ground from cooling by keeping
the heat trapped within the rock glacier throughtitvet 2003 summer (cf. fig. 1). This might
explain the high speed and the surface subsidehtkeoglacier (through permafrost top
melting) that were observed in 2004.

Fig. 1 - Ground temperature at Laurichard (2450 and2600 m a.s.l) and air temperature at
Monetier between October 2003 and September 2C

Sources: Bodin 2001

Permafrost and rock glaciers in the Swiss Alps

The longest continuous series of temperature meammts within European mountain

permafrost is from the 58 metres deep borehole waté-Corvatsch (Engadin, Switzerland)

which was drilled in 1987 through slowly creepimg-rich debris. Long-term monitoring of

ground temperatures at Murtel-Corvatsch in Switretl has clearly demonstrated the
sensitivity of mountain permafrost to changes ithbair temperature and the amount and
timing of winter snow cover.

Rapid warming of the uppermost 25 metres of perosafwas observed between 1987 and
1994. The mean annual ground surface temperatuestisiated to have increased from -
3.3°C (1988) to - 2.3°C (1994). At a depth of 1in@tres (inside the active layer), the
permafrost warmed by nearly 0.6°C. At 20 m (undher active layer), the warming was only

by 0.2°C. However, low snowfall in December andudag during the 1994-1995 winter

followed by moderate snow fall in 1995-1996 causseénse cooling of the ground and

permafrost temperatures returned to values sirtoldhose in 1987. Early winter snow was
thin in 1998-1999 and winter ground temperaturesaiaed low in 1999, 2000 and 2001.

The analysis of this long data set, combined wittrenxrecent measurements at other Swiss
monitoring sites confirms that the permafrost hasrbwarming since the beginning of the
measurements. This warming took place in threesstegerrupted by a cooling during the
1995-1996 winter and a cooling since 2002 (cf. 8). These decelerations of the warming
trend are mainly due to winters with limited snoover.



Fig. 2 - Ground temperature (10 m deep)
at different monitored Swiss sites (PERMOS)

SourcesPermos2007

Climate change seems also to have strong impac&niss rock glaciers. At the vallon des
Yettes Condja (Wallis), the speed of surface moveméone rock glacier increased by 200
% between 2000 and 2004 and by 76 % for the otwdr glacier (cf. fig. 3).

Fig. 3 - Rock glaciers of the vallon des Yettes Cdja (Wallis, Switzerland): Surface horizontal speed2003-2004
(left) and surface horizontal speed variations 20(-2004 (right)

Sources: Lambiel & Delaloye 20(Q
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Note This synthesis, written bg. Prudent (ONERC) with the contribution frd&n Gruber
and |. Roer (Zurich University), is based on thelibgraphic analysis carried out for the
"ClimChAlp Base":

http://www.risknat.org/projets/climchalp wp5/




