
Rainfall induced soil slips are among the most dan-
gerous natural hazards acting on hillslopes, leading
to structural damage and casualties. These shallow
landslides are triggered by periods of intense pre-
cipitation, very often falling on already wet soils. In
most cases the failures can be considered transla-
tional mass movements that occur suddenly, practi-
cally giving no time to warn the communities at risk.
The best available prevention tool for large areas
must therefore rely on the ability to predict the timing
and location of these natural hazards well in ad-
vance.

Switzerland is particularly prone to rainfall trig-
gered soil slips, given the steep nature of many of its
alpine and pre-alpine slopes. A series of natural dis-
asters involving soil slips affected several areas in
the country in the last decade, among these are the
ones occurred in the region around Napf (Emmental
area) in July 2002. The event was accurately docu-
mented (Rickli & Bucher 2003) by the Swiss Federal
Institute for Forest, Snow and Landscape Research
(WSL). The site was chosen here with the aim of as-
sessing the predictive capability of a time dependent
slope stability model developed by Baum et al.
(2002).

The model, TRIGRS (Transient Rainfall Infiltration
and Grid-based Slope-stability), is a coupled hydro-
mechanical slope stability assessment tool, working
on a regional scale. TRIGRS is raster based, and
uses a time-dependent approach to assess the sta-
bility of a basin during a rainfall event. Infiltration is
modelled through a simplified analytical solution of
Richards’ equation (Iverson 2000), which requires a
shallow, quasi-saturated soil cover at the beginning
of a simulation. The built-up pore pressure is then
used as an input to a slope stability model, based on
the infinite-slope approach. The main output of
TRIGRS is a factor of safety, indicating whether the
slope can be considered stable or not. The assump-

tion that the soil must be quasi-saturated at the be-
ginning of a simulation can be viewed as a limitation
of the model for soils that are more than a couple of
meters deep, but is not an issue in the case exam-
ined. The soil cover in the test area does not exceed
3 meters even in the flatter regions.

The main problem in applying TRIGRS is the lack
of detailed input data for topography and soil over
large areas. A new high-resolution DTM (Digital Ter-
rain Model) with an average density of 0.5 points/m2

was made available by the cantonal authorities, and
was first translated into a TIN (Triangulated Irregular
Network), using the standard triangulation procedure
provided by the software ArcGIS. It was then con-
verted into a grid with a resolution of 3 meter using
ArcGIS. TRIGRS proved to be very sensitive to the
slope angle, making the availability of a precise DTM
a primary need, but also presenting the problem of
choosing a reliable routine to determine the slope
angle for each cell of the raster. Given that the re-
sulting 3 meter-grid seemed to be affected by the
presence of artefacts (namely terraces), ArcGis to-
pographic slope, a  notoriously smoothing routine,
was chosen to compute the slope angle. It must be
noted that even with a high resolution DTM none of
the examined slope computation procedures was
able to match the measured slope angles in the field.
This problem is also addressed by Rickli & Bucher
(2003) for a lower resolution DTM.

A series of hypotheses were made to model the
variation of some selected TRIGRS input parame-
ters. These conceptualizations were necessary due
to the lack of information about the variability of
these parameters in the study area. Cohesion was
made dependent on altitude, relying on the assump-
tion that soils at lower elevations are less disturbed
at the base (where the lowest factor of safety is
found) than the shallower ones at higher elevations.
Soil depth was defined as a decreasing exponential
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function of the slope angle, ranging from about 1
meter on the steeper slopes to about 3 meters in the
valley. The initial water table height was described
as a function of the slope angle. Average values,
computed from the few available data, were used for
the friction angle, the saturated hydraulic conductiv-
ity and related hydraulic diffusivity. Hourly rainfall
data for the meteorological station Napf was ob-
tained from MeteoSwiss and distributed uniformly
over the basin. used.

The preliminary results show the ability of the
model to capture 41% of the occurred slides by de-
stabilizing 12.6% of the entire basin (Figure 1). The
tendency to overestimate instabilities on steep areas
is still present, and seems rather unavoidable with
the available data. An improvement in this sense
could be expected if additional information on lan-
duse for the area under investigation can be ob-
tained, for instance through the use of aerial photo-
graphs. The model does not in fact distinguish
between different landcover areas, such as forest,
meadows, etc.

Nevertheless TRIGRS holds good promises as a
prediction tool for rainfall induced soil slips, but
needs to be further tested in other areas, with spe-
cial attention devoted to the conceptual assumptions
mentioned above.

Figure 1. The picture shows the study area at the end of a 3-
hour simulation. The white dots represent actual landslide loca-
tions, while the dark grey areas are the simulated unstable
zones as output by TRIGRS.
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The Monte Rosa east face, Italian Alps, is one of the
highest flanks in the Alps (2200 – 4500 masl). Steep
hanging glaciers and permafrost cover large parts of
it. Since the end of the Little Ice Age (about 1850),
the hanging glaciers and firn fields have retreated
continuously. During the recent decades, the ice
cover of the Monte Rosa east face experienced an
accelerated and drastic loss in extent. Some glaciers
have totally disappeared leaving large parts of the
underlying rock unprotected against mechanical and
thermal erosion. Enhanced rock fall and debris flow
activity was observed (Haeberli et al., 2002; Kääb et
al., 2004; Fischer, 2004). Perennially frozen rock
walls are highly complex systems that may react
very sensitively on changes. Those changes in gla-
cier extent, permafrost conditions, thermal and hy-
drological regimes, as related to present atmos-
pheric warming, significantly affect the stability
conditions of the Monte Rosa east face.

The exceptional rock fall activity during the hot
summer 2003 has pointed to the relation of rock fall
and climate change via permafrost thaw. These nu-
merous smaller events stemmed mainly from en-
larged active layer thickness during this extraordi-
nary summer. Also the most recent event in the
Monte Rosa east face, a 0.5 to 1 Mio. m3 large
ice/rock avalanche in August 2005, underlines the
ongoing development of instabilities in ice and rock.

The scope of this study is to analyze the linkage
between the glacier shrinkage and permafrost deg-
radation, on the one hand, and the observed in-
creasing slope instabilities in the Monte Rosa east
face, on the other hand (Fischer, 2004). A number of
amateur photos, air-photos and maps was compiled
in order to reconstruct the development of the ice
cover of the Monte Rosa east face. The geology of
the Monte Rosa east face and the detailed extents of
the hanging glaciers were mapped during fieldwork

in summer 2003. The starting zones of rock fall, ice
avalanches and debris flows were observed and lo-
calized as well. The permafrost distribution in the
rock wall was computed with different models.
Roughly one half to two thirds of the east face are
estimated to be under permafrost conditions.

For the compilation and processing of these data,
a Geographic Information System (GIS) was used.
GIS technologies facilitate the integration of remote
sensing and field data as well as modelled data for
analysing and modelling instable and hazardous
zones in a steep slope.

The investigated parameters are shown as sepa-
rate layer in the GIS. The hazardous areas can be
detected and classified by an overlay and intersec-
tion of the different layers.

It turned out that:
- Most of the active starting zones of rock fall and

debris flow are located in parts of the rock wall,
where surface ice disappeared recently.

- Most of the active starting zones are located in
permafrost zones, mostly close to the estimated
lower boundary of the permafrost occurrence.

- Many active starting zones are situated at the
boundaries between two different lithologies.

In the view of ongoing or even enhanced atmos-
pheric warming it is therefore very likely that the in-
stabilities in the Monte Rosa east face will continue
to represent a critical hazard source. Therefore
some first-order modelling of rock fall events and ice
avalanches has been conducted showing that par-
ticularly large events could endanger some parts of
the upper part of the Valle Anzasca, especially in the
current situation of an elevated Ghiacciaio del
Belvedere and an occasionally filled supraglacial
lake on it.
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This study shows the high suitability of the GIS
technology for the processing and presentation of
multi-temporal and multi-spatial data and related
processes. It reveals as an important tool for the
evaluation and prediction of natural hazards in gen-
eral and the detection of possibly instable and haz-
ardous zones in high alpine rock walls in detail.
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Permafrost degradation has been hypothesized and
demonstrated to influence rock-wall stability. Both
thaw and warming of permafrost (entering the range
of -1.5 to 0 °C) as well as the build-up of hydrostatic
pressure following thaw are possible mechanisms
that link warming to the reduction in strength of ice-
bonded rock joints (Haeberli et al. 1997, Davies et al.
2001, Gruber et al. 2004a).

Quantitative information on the spatial distribution
of this additional, warming-related stability factor is
desirable to support the assessment of natural haz-
ards in mountain areas. This contribution proposes
variables that describe this effect and explores a way
to account for the large uncertainty inherent in their
modelling.

The most important variable to delineate zones of
possible rock fall induced by permafrost degradation
is the occurrence of permafrost underneath a sur-
face. The degradation of a permafrost body will take
place along its boundary. This can be at the perma-
frost table, the permafrost base and also result from
lateral heat fluxes in complex topography. The depth
of the degrading boundary of the permafrost body
corresponds to the magnitude of a rock fall induced
by thaw. The additional heat flow at the boundary
corresponds to the frequency or likelihood of an
event taking place as a consequence of warming as
it is proportional to the volume of material that can
be warmed or the volume of ice melted (Fig. 1).

For any given warming scenario, the resulting fre-
quencies and magnitudes change over time. Espe-
cially for regional-scale modeling sub-surface
thermo-physical properties and water/ice contents
are unknown and can thus vary in a wide range and
influence the subsurface temperature field accord-
ingly. Additionally, the surface temperature boundary
condition simulated by energy-balance models has a
high uncertainty in complex topography. Uncertain-

ties of driving temperature scenarios further add to
this for future projections. The uncertainties of these
effects can be propagated using Monte-Carlo tech-
niques.

Figure 1. Schematic of proxies for the frequency and magni-
tude of instabilities induced by permafrost degradation.

In this investigation we explore the calculation and
interpretation of the proposed proxies together with
uncertainty propagation techniques. Rock tempera-
tures for south- and north-facing locations and di-
verse elevations were simulated with the model TE-
BAL (Gruber et al. 2004b) based on hourly
meteorological data. The uncertainty of four key pa-
rameters was propagated. Volumetric heat capacity,
thermal conductivity and water content of the rock as
well as an assumed error of the simulated surface
temperature were sampled along assumed probabil-
ity density functions during Monte-Carlo simulations
with 150-500 realizations per point. These parame-
ters were sampled from normal distributions trun-
cated at 3σ. No stratification and no change in total
water content was assumed for the sub-surface. A
standard random sampling scheme was employed
without dedicated improvements such as latin hyper-
cube sampling. Temperature profiles were initialized
with the mean surface temperature of 1990-1993
and then spun with 1993 data to achieve a realistic
temperature profile. During the simulation, the years
1993-2002 were taken as the baseline run that the
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simulated temperatures from the extreme year 2003
were compared to.

From the modelled transient temperature fields
three quantities were extracted: 1) probability of
permafrost occurrence based on the percentage of
realizations with permafrost in the baseline run; 2)
active layer depth based on the depth of 0 °C in
maximum temperature of baseline; and 3) excess
heat content of the permafrost body defined as the
additional heat content (including latent heat) at a
specific date compared with the maximum during the
baseline run. From these results, the active layer
depth not exceeded with a certain probability (Fig. 2)
can be derived from its cumulative frequency (either
for the baseline or 2003). The excess heat content of
the permafrost body (proxy for frequency of likeli-
hood of destabilization) was calculated for several
dates during 2003 and expressed in mm water
equivalent that could have been melted in order to
arrive at numbers that can readily be put into con-
text. 

Figure 2. Cumulative probability distribution of the active layer
depth (magnitude proxy) for several elevations, north-facing
during the baseline run 1993-2002.

The findings of earlier modelling (Gruber et al.
2004a) were reproduced: The timing of observed
rockfall and modelled destabilization conditions does
not match. While much rock fall in 2003 took place at
low altitudes and early in the year simulations results
suggest destabilization in late summer or autumn for
those locations. This points towards important chal-
lenges for future research about the processes that
connect warming and permafrost degradation with
the destabilization of rock slopes. Ice segregation
due to the migration of unfrozen water along thermal
gradients (Murton et al. 2001) is a process that may
be underestimated in this context. Since it is driven

by temperature gradients it may act earlier in the
year that maximum temperatures or heat contents.

In contrast to the experiment presented here,
permafrost bodies in mountain environments are
complex and heterogeneous 3-dimensional objects.
For the future, not only active-layer thickening but
also long-term changes in the geothermal field need
to be taken into account in the context of tempera-
ture-related stability changes (Fig. 3).

Figure 3. Schematic of possible future destabilization proxies.

The propagation of uncertainty in such models
will be a key future step because it gives importance
and visibility to the unknown instead of presenting
accuracy in selected example cases. Findings based
on simulations results can thus be interpreted and
trusted better. However, such a development should
not lead to the illusion of “certainty of uncertainty”.
Especially the determination of the probability distri-
bution of input parameters will continue to be chal-
lenging and require careful interpretation of results.     
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Due to the difficulty of describing the complex spatial
and temporal patterns inherent to volcanism, the use
of solely deterministic models is not sufficient for
long term estimation of volcanic hazards. In order to
account of the intrinsic uncertainty of volcanism that
occurs in space, time and with respect to event types
and their intensity, the use of probabilistic models
becomes quite natural for long term hazard assess-
ment.

The motivation of this on-going work is driven by
the necessity of investigating various probabilistic
approaches for the estimation of volcanic hazards in
relation to repository siting in Japan. In particular, the
integration of additional sources of uncertainties
linked to the distribution of volcanic events in space
as well as to their occurrence need to be accounted
for by the modelling. The concepts of the geostatisti-
cal models of the proposed approach will be pre-
sented and then illustrated by a case study using
data from the Tohoku volcanic arc (Fig.1).

Figure 1. Data from the Tohoku volcanic arc
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Deposits of simultaneously occurring sublacustrine
mass movements in lakes of Central Switzerland are
used as paleoseismological archives to identify the
intensity, epicentral location and recurrence rates of
strong prehistoric earthquakes. Three major paleo-
seismic events were identified in the past 15,000
years that were strong enough to trigger multiple
sublacustrine slope failures in Lake Lucerne as well
as in Lake Zurich (Macroseismic local intensity I >=
VII). This indicates that strong earthquakes can af-
fect a big area in Central Switzerland, where such
events are generally not expected.

Previous studies have shown that sublacustrine
slope failures in lakes of Central Switzerland can be
attributed to historic earthquakes. A study comparing
the lacustrine fingerprints of four moderate to strong
historic earthquakes with moment magnitudes of Mw

= 5.7 to Mw = 6.9 and epicentral intensities of I0=VII
to I0=IX reveals that subaqueous mass movements
only occurred in the studied lakes (Lake Sarnen,
Lake Lungern, Lake Lucerne, Lake Baldegg, and
Seelisberg Seeli) if they are situated within an area
that underwent groundshaking not smaller than
intensity VII (Monecke et al., 2004). New results from
a limit equilibrium back analyses for sublacustrine
slope stability in Lake Lucerne also confirm that the
modelled lacustrine slope is stable under static
loading conditions. Slope failure only occurs if the
seismic ground accelerations exceed 0.75 ms-2.
Quasi-3D high-resolution geophysical imaging (3.5
kHz pinger source) of the subsurface, ground-
proofed with a series of sediment piston cores
reveals the spatial and temporal distribution of Late
Glacial to Holocene mass movement deposits in
Lake Lucerne and Lake Zurich. The detailed basin-
wide 3D stratigraphic correlations in combination
with accurate radiocarbon and tephrochronological
dating allows identifying synchronously occurring

multiple mass movement deposits that can be used
as paleoseismic indicators. For an example, the
historically well described 1601 A.D. Unterwalden
earthquake (I0 = VII–VIII / Mw ~ 6.2) triggered
numerous synchronous mass movements and
megaturbidites within different basins of Lake
Lucerne, producing a characteristic pattern that can
be used to assign a seismic trigger mechanism to
prehistoric mass movement events (Schnellmann et
al. 2002). Furthermore, this historic event showed
that seismic hazard for lakeshore communities is
amplified by slide-induced tsunami and seiche
waves that reached wave heights up to 4 m. In Lake
Lucerne, beside the historic 1601 A.D. Unterwalden
earthquake, five prehistoric events occurred at 2300
+/- 120, 9870 +/- 45, 11’730 +/- 255, 13’710 +/- 130,
and 14590 +/- 830 calendar yr B.P (Schnellmann et
al, submitted).

Results of a new study indicate that such multiple
slope failures are not limited to inner-alpine lakes but
that they do also occur in Lake Zurich, where three
multiple subaqueous mass movements were
identified and dated to 2150 +/-100, 11’770 +/- 220
and 14’000 +/- 450 cal. yr B.P. Within the
radiocarbon dating uncertainties, all three Lake
Zurich events occurred simultaneously with multiple
mass movement events recorded in the subsurface
of Lake Lucerne. Our data therefore reveal that three
strong paleoseismic events occurred in the last
15’000 years in Central Switzerland, which were
strong enough to trigger multiple subaqueous mass
movements in the two different lakes that are ~40
km apart.

The 1601 A.D. Unterwalden earthquake was not
registered in Lake Zurich. It was attributed to an epi-
central area in the Helvetic domain south of the
northern Alpine front (Sarnen, Unterwalden) that is
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known to have been seismically active during histori-
cal times (Schwarz-Zanetti et al. 2003). For the pre-
historic events recorded with macroseismic intensi-
ties of > VII in both, Lake Zurich and Lake Lucerne,
a similar earthquake source area evidently would
have been to far away to trigger slope failures in
Lake Zurich situated ~50km NE of the 1601 A.D.
epicenter. As a possible source area for these major
events we postulate an earthquake trigger source
somewhere along the northern alpine front, where
major thrust faults still might be seismically active.
This scenario would imply major earthquakes along
the northern alpine front with recurrence rates less
than 10’000 years.
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Radon 222 (Rn222) is a natural radioactive gas re-
sulting from the decay of U238. It can reach high con-
centration values inside closed environments that
are exposed to constant emanations and can exceed
maximum acceptable exposure levels. Recent stud-
ies (Wichmann 2005) on trends among lung cancer
cases has determined significant health threads of
developing cancer from the 140 Bq/m3 level, due to
long periods exposures.

Radon is considered to be responsible for causing
potentially 20,000 deaths in the European Union
each year and 240 in Switzerland according to the
SFOPH, being the second cause of lung cancer after
smoking and more deathly than aids. The average
indoor radon concentration in Swiss living rooms is
about 75 Bq/m-3, but is oddly distributed through
Switzerland (Figure 1).

Mapping the concentration of radon for the na-
tional territory will be a valuable tool for decision
makers related to public health and for people in-
volved in house remediation. In the last year a large
number of researchers have contributed to describe
and measure the presence of gas at inhabited areas.
The approaches came from the physical description
of radon behaviour starting from lithology as the
generation source to the interaction with building
vulnerabilities and the final risk due to human be-
haviour.

Regarded as a pure natural hazard many investi-
gations have focused on the description of indicator
variables such as lithology, soil permeability, soil
temperature, air temperature, parental material – soil
relations, soil migration, sediment permeability,
building material exhalation, ventilation and others
(Medici, 1994; Strand 2005). The spatial modelling of
all the factors together remains unfeasible and often
the individual analysis results in loss of information,
bias and not useful for predictions at local level
(Miles, 1998). Indoor radon concentration of single

houses are not predictable from geological maps,
because construction type and structural fabric of
houses are essentially governing the extent to which
subsoil radon potential affects the indoor concentra-
tion  (Kemski, 2001).

In the present research different approaches and
hypotheses were applied to understand and to char-
acterize spatial patterns. The multivariate nature of
the radon indoor concentrations triggers many diffi-
culties for monitoring, modelling and data visualisa-
tion. A first hypothesis was proposed in the sense
that radon measurements could be considered effi-
cient enough to explain spatial distribution.

The analysis is complicated by influences of fac-
tors such as floor level and inhabited condition, room
types, etc. By removing geographic duplicates and
selecting the maximum values a pessimistic scenario
can be considered. Finally spatial declustering and
regularisation by means of moving windows statistics
was performed.

The spatial interpolation followed a sequence of
cross-validation to determine optimal lag and angle
intervals during experimental variography. Variogra-
phy modelling and sequential Gaussian conditional
simulations were carried out to generate multiple
equally probable realisations of spatial patterns. Post
processing of derived digital spatial models gives
rise to indoor radon and risk mapping.

Limitations were observed for homogeneous cov-
erage of areas and for better levels of precision, as it
will be desirable to provide reliable information for
unsampled areas and scales with better precision
(1:25000 maps). Completion of gaps was tried to
solve by modelling correlation with existing informa-
tion about geotechnical units. The big size of the
units and the weak correlation with indoor radon will
not contribute to improvements for clustered areas
but rather they introduce additional noise. It could be
expected that a fairly contribution at a regional scale
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(figure 2) could be established if soil permeability
and/or outdoor measurements using gamma-ray
spectrometers were available.

Also the Incorporation/assimilation of any re-
lated/correlated information from geological or
lithological origin can be carried out using machine
learning algorithms, e.g. artificial neural networks
and support vector machines (Kanevski and Maig-
nan, 2004).

Figure 1. Radon risk zones in Switzerland

Figure 2. Geotechnical map showing regional trends for radon
distribution
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