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LANDSLIDE RISK AND CLIMATE CHANGE IN THE EUROPEAN ALPS

The risk of landslides in the European Alps is considerable and has important implications for the insurance
industry given the high levels of tourism and leisure based development in the region. Understanding how
this risk may change in the future and in particular the influence of a changing climate on the magnitude and
frequency of damaging landslides will be of value to insurers. This is why Lloyd’s chose to fund this research
into landslide probability and climate change in the European Alps.

This research is being undertaken by Joanne Wood at the University of Exeter. Joanne has a degree in
Geography from the University of Sheffield. As part of this degree, she took a module on geophysical
hazards which looked at landslides and mass movements. Her undergraduate dissertation focused on
glacier fluctuations and reconstruction of past glacial movements in the Bernese Alps, Switzerland. Joanne
obtained a masters degree in Climate Change and Risk Management at the University of Exeter in 2008
before undertaking her current PhD research looking at the influence of climate change on mass movements
in the European Alps. The following paper outlines the scope of this research and the main objectives and
potential outcomes. The findings of this research will be presented in a later paper.
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2 EXECUTIVE SUMMARY

UNDERSTANDING HOW LANDSLIDE RISK MAY CHANGE IN THE FUTURE IN THE EUROPEAN ALPS WILL BE OF
VALUETO THE INSURANCE INDUSTRY.

This research project aims to better understand how the probability of occurrence of large, damaging
landslides is going to change and learn how this translates into risk. In particular, it should enable us to
consider how the magnitude and frequency of landsliding changes with the climate and determine how these
patterns are likely to change in the future.

INCREASED CLIMATIC VARIABILITY, INCLUDING THE INCREASED FREQUENCY OF EXTREME
CLIMATE/WEATHER EVENTS, WILL HAVE A SIGNIFICANT IMPACT ON THE LANDSCAPE.

In order to examine the effect that the climate has on the incidence of landsliding and how this may change
in the future, we must look to the past to understand how the climate changes over time and how this has
impacted on landslide size and frequency distributions.

When considering the frequency and magnitude of landslide events in the European Alps, it can be shown
that there is a correlation between landsliding and climate. A warming climate will lead to a higher frequency
of extreme weather events and marginal environments, such as the European Alps, will be affected to a
greater degree.

ITIS IMPORTANT TO BE ABLE TO UNDERSTAND THE RELATIVE IMPORTANCE OF CLIMATIC VARIABLES IN
ORDER TO ASSESS THEIR IMPACT UPON LANDSLIDING.

Fluctuations in weather and climate can produce large (non-linear) landscape responses where thresholds
are exceeded, and changes in the variability of key climate elements influence the frequency of landscape
responses. The following important climatic factors need to be considered:
e Temperature: increases in mean annual air temperature (MAAT) will lead to increases in both
frequency and magnitude of landsliding (MAAT is increasing in the European Alps)
e Precipitation: during periods where there is high variability of monthly to seasonal precipitation or
periods with high storm intensity, there will be an increase in frequency and magnitude of landsliding
Other climatic factors will impact on landsliding including rainfall intensity, glacial/periglacial activity and
processes, and seasonality.

CHANGES IN LANDSLIDE FREQUENCY COME ABOUT AS A DIRECT RESULT OF CHANGES IN THE
HYDROLOGICAL CONDITIONS OF SLOPES, WHICH ARE DIRECTLY CONTROLLED BY CLIMATE.

A dataset of 24 landslides from the Italian Dolomites has shown that clusters of landslides occur at the same
time as climatic changes. However, the relationship between landsliding and climate change is not simple
and obtaining accurate dates for older landslides is difficult, particularly as landslides may show a delayed
response to changes in climate.

RESEARCH ON LANDSLIDES WILL HELP INSURERS UNDERSTAND THE RISK BETTER

The research will examine the influence of climate and climate change on the incidence of landslides in the
European Alps over past 200 years. This study focuses on the relationship between climate change and the
frequency and occurrence of large landslides and the risks these pose on communities and infrastructure in
the European Alps. Landslide research can help the insurance industry in understanding how climate
impacts on landscape evolution and ultimately the risk posed by landslides to vulnerable communities.

! The role of temperature also varies over time and extreme weather events, such as the hot summer of 2003, highlight more recent increased
variability. The summer of 2003 was around 3°C warmer than the 1961-1990 average and was characterised by exceptional rockfall and extreme
permafrost thaw in the European Alps.
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OTHER LANDSLIDE TRIGGERS, INCLUDING SEISMIC ACTIVITY, ARE IMPORTANT

The European Alps is seismically active and climate fluctuations will not be the sole factor in the initiation of
a landslide and may not even be the main factor. Other variables including earthquake frequency and
magnitude are going to be important and being able to identify these non-climatic triggers is important as
they will potentially disrupt the climate signal.

LANDSLIDE RISK IS INCREASING IN THE EUROPEAN ALPS

The European Alps represent a marginal environment which has seen significant growth in infrastructure,
population and tourism in recent decades. As rising temperatures continue, landsliding in such marginal
areas will continue and intensify with the changing climate. When this is combined with increasing
populations and development in these areas, the risk of damage and loss of life continues to increase
making the prediction of these events an important factor in trying to reduce the risks and mitigate the
potential impact.

The research is important as it will determine how the climate influences the magnitude and frequency of
large landslides in the European Alps: and more specifically look at what climate metrics have the greatest
influence. The research aims to show that different climates do play an important role and that variability in
climate has a significant influence on landsliding.
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One of the main reasons for carrying out this research is due to interest from the insurance industry to
understand how landslide risk may change in the future in the European Alps. There are two components to
this: 1) in understanding how the probability of occurrence of large, damaging landslides is going to change,
and 2) understanding how this translates into risk. The first component of this is being investigated by
looking at the how the distribution of large-landslides changes with the climate to see the effect that climate
elements have on landsliding in the past. This is a major component of this research project which can be
broken down into a number of smaller tasks, with the most fundamental being the creation of a landslide
database. The second element is difficult to quantify as this project is not attempting to carry out a risk
assessment for a small area whereby financial assets and antecedent conditions can be taken into
consideration, but is looking at a wide area (i.e. the European Alps) to assess the overall risk posed by
landslides.

A landslide inventory is fundamental to the determination of the risk of landsliding to an area. The translation
from inventory to risk is difficult as risk is based on several components: a) the type of landslide, b) trigger, c)
the spatial distribution, and d) temporal distribution (Sorriso-Valvo, 2002). This project considers climatic
variability as the trigger (b), and looking to partition the European Alps based on changes in these. The
second element considered is the spatial distribution (c) of landsliding through the amalgamation of an
inventory map. Finally the temporal distribution (d) is being considered through using the Little Ice Age (LIA)
and present landslides to identify periods of increased activity. These three elements combined will allow us
to consider how the magnitude and frequency of landsliding changes with the climate. This will be useful for
the insurance industry as we aim to determine how these patterns are likely to change in the future.

This document provides an introduction to landsliding in the European Alps, and will discuss the
climatological factors which influence landsliding. Following this there will be a discussion of climate change
and how past changes can be used to look at the relationships between landsliding and the climate. The
document will then discuss the current position within the academic community of the relationships between
these, and also highlight areas where further research is needed, before making specific reference to this
research project, the proposed methods and the issues surrounding these.
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L LANDSLIDE CLASSIFICATION AND DEFINITIONS

To determine how changes in climatic elements (precipitation, temperature, etc; see Section 5.5) affect the
frequency and magnitude of landsliding it is important to be able to classify typical types of mass movement
and how these are initiated. There are a number of methods used to classify landslides within the literature.
The most widely used is after Varnes (1978; Figure 4.1) and is based on process, morphology, geometry,
movement and rate of displacement, type of material and activity (Jakob, 2005). Each type of movement
has been widely studied within academic literature and characteristic processes and initial conditions are
present for each. Whilst it is important to understand process and initial conditions conducive to landsliding
to help understand potential locations of failure, more recently and perhaps more appropriately when
considering landslides as hazards, size and rate have been used for classification (Fell, 1994; Cruden and
Varnes, 1996; Jakob, 2005). This classification by Cruden and Varnes (1996; Table 4.1) is much more
relevant to the insurance industry as it considers the speed of movement and the potential damage caused
by landsliding.

Surface rupture

Translational landslide Block slide

Debris flow

Curved tree trunks:

Tilted pole
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Debris avalanche Earthflow Creep

Firm clay
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‘water-bearing silt
and sand |
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Eigure 4.1 USGS (2004). lllustration of the main types of mass movement after
Varnes (1978).
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Velocity Typical

Class Velocity __Impact
-1 Exposed buildings destroyed,
sms population killed
A Some lives lost, major
3m min destruction

p Structures, possessions and
1.8m hr equipment destroyed,
evacuation attainable

Structures can be maintained if

-1 lie in front of toe, structures
13m month within runout are extensively
damaged

4 If movement short lived, roads
1.6m year and structures can be
maintained

4 Structures remain largely
16mm year undamaged, or can be repaired
easily

-1 No damage to structures built
<16mm year with precautions

Table 4.1 After Cruden and Varnes, 1996. Landslide classification by velocity and impact.
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In order to examine the effect that the climate has on the incidence of landsliding and how this may change
in the future, we must look to the past to understand how the climate changes over time and how this has
impacted on landslide size and frequency distributions (after Malamud et al., 2004; see Section 8.2). Climate
fluctuations vary at a number of different timescales from long-term solar driven changes (Shindell et al.,
2001) and tectonic activity (Kump, 2002; Kitoh, 2004) to shorter term perturbations caused by events such
as volcanic eruptions (Shindell et al., 2003). In turn, these fluctuations have, and continue, to alter the
evolution of our landscape. Climate forcings can be natural as experienced throughout the Quaternary
period, but more recently we have moved from a period of natural climate variability to a period of human
induced-change known as the Anthropocene (Steffen et al., 2007). From the 1970’s onwards there has
been a rise in global temperatures attributed to an increase in anthropogenic CO, emissions as a result of
industrialisation (Hegerl et al., 2007). This pattern is set to continue (Meehl et al., 2007; Hansen et al.,
2008). It has been suggested that increased climatic variability, including the increased frequency of
extreme climate/weather events, will have a significant impact on the landscape (Keiler et al., 2010). To
understand the current warming and how this affects the landscape we must look to analogues in order for
comparisons to be made and for models to be tested.

The LIA is important in terms of assessments of climate change attribution and estimates of climate
sensitivity; we have good understanding of the forcings at this time and also accurate information on the
climate response. The LIA is also important in terms of human evolution and the ways in which we have
modified the Earth (Roberts, 1998). The transition from the LIA to our present climate represents two
distinct, different climatologies. Firstly, there have been significant changes in temperature and precipitation,
both in terms of distribution and quantity, and it is the variability of these which is important for the evolution
of the landscape as investigated within the context of this study. Secondly, within the LIA, climate
reconstructions have revealed periods of rapid climate change superimposed on longer-term climatic trends.
Studying these and the effects that the climatic variability of these periods had on the evolution of Alpine
landscapes can help us to understand how both the climate and landscape may change in the future.

Climate reconstructions in the European Alps usually focus on the LIA which is thought to have occurred
between the fifteenth and nineteenth centuries (Vincent et al., 2005). However, there still remains some
uncertainty and confusion surrounding the timing of the LIA due to a divergence between the glacial signal,
which is often used to reconstruct the climatic history of the Alps, and the temperature reconstruction from
instrumental data. The European Alps are a marginal environment and influenced by a number of different
climatic systems: Atlantic, Mediterranean and continental (Beniston, 2005). Instrumental data such as the
Central England Temperature (CET) record highlight periods with severely low temperatures (Manley, 1974;
Jones and Briffa, 2006). However, the range of temperature values in the CET is relatively small at ~3.8°C
due to the European maritime climate (Jones and Briffa, 2006). Given this small change in temperature,
glacial fluctuations have been highly variable and it has been argued that this is a result of a change in the
distribution of winter precipitation in turn reducing the dominance of increasing summer temperatures leading
to an overall glacial advance (Vincent et al., 2005). An example of this divergence is evident when
considering the Grosser Aletsch Glacier in Switzerland which is the largest glacier in the European Alps.
Reconstructions show that it reached its maximum extent between 1370 and 1780, coinciding with a number
of other glacial advances in both the Swiss and Austrian Alps (Grove, 2001). However, this glacial advance
is not consistent with the small drop in temperature, and the large advance has been attributed to an
increase in winter precipitation of 25% over the 20th century mean in the latter phases of advance (Vincent
et al., 2005). This period of extension was followed by a series of retreats and re-advances. Other studies
have shown the LIA glacial advance in the European Alps occurred between 1760 and 1850 (Vincent et al.,
2005), with the post-1850 decrease in glacial mass balance attributable to a decrease in winter precipitation
over an increase in summer temperature (Vincent et al., 2005). Following this, the 20th century summer
warming takes over the signal resulting in a continuing negative glacier mass balance which would account
for the synchronous decrease in mass balance across the Alps (Vincent et al., 2005). Glacial advance and
retreat in Europe from the 19th century onwards is well documented in photographic, written and remotely
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sensed data (Bradley and Jones, 1993; Grove, 2001). Swiss glaciers in particular have a well documented
history stretching back to 1880, and the onset of the LIA glacial retreat can be pinpointed to the exact year in
some cases (Grove, 2001).

The climatic response to anthropogenic forcing is spatially heterogeneous and likely to find expression
through changes in natural modes of climatic variability such as the North Atlantic Oscillation (NAQO; Corti et
al., 1999). The NAO is a variable 2-8 year climate cycle defined by the pressure difference between the
Icelandic Low and Azores High (Hurrell 1995, 2009; Visbeck et al 2001, Scaife et al., 2005) and is described
by the North Atlantic Oscillation Index (NAOI; Nesje and Dahl, 2003). Temperature and pressure differences
determine the trajectory of storm tracks and regions of storm intensity and thus have implications for the
European Alps; particularly influencing precipitation, temperature and pressure (Beniston, 2005; Casty, 2005;
Folland et al., 2009; Keiler et al., 2010). The positive phase of the NAOI causes lower than average
precipitation over central and southern Europe and as such will tend to reduce the mass balance of glaciers
regardless of summer temperatures (Reichert et al., 2001). In the winter the positive NAO phase reflects
higher temperatures and decreased snowfall.

It has been suggested that there is a strong link between the precipitation variability and the incidence of
landsliding and it is therefore possible to use NAO predictions to better understand this relationship. Trauth
et al. (2000) looked at the effects of the Southern Oscillation on the landscape and found that there was a
direct link. They identified clusters of large landslides during the Quaternary which were temporally
correlated to active El Nifio Southern Oscillation (ENSO) and Tropical Atlantic Sea Surface Temperature
Dipole (TAD) (Trauth et al., 2000). They also found that the presence of ENSO and TAD increased
interannual climatic variability in these regions, in turn causing the increases in landslide events (Trauth et
al., 2000). This paper hypothesises that the NAO would have a similar impact on the European Alps. As
well as the changing climate predicted up to 2100 (IPCC, 2007), changing NAOI values will affect the
incidence of landsliding through changes in the distribution of precipitation over the Alps. It is therefore
important to account for the phases of the NAO when considering past climate variability, particularly in this
study as its influence on precipitation, temperature and the positioning of storm tracks has implications for
slope stability.

The European Alps have been partitioned climatically (Auer et al., 2007; Figure 5.1). These partitions are a
result of larger scale atmospheric circulations, and at a smaller scale due to more localised topographic
effects and elevation. Four areas have been defined from analysis of long term instrumental records
stretching back to around 1760 (HISTALP, 2010). The regions have been defined by the climate recorded in
the instrumental record. As the climate changes over time from periods of warm to cool, the climatic regimes
of each sub-region will also have changed. It therefore follows that these changes in climate since 1760 can
be used to look at the changing frequency of landsliding in relation to the climate. Over the past ~1,500
years Europe has experienced long-periods of relative warmth during the Medieval Warm Period, and cold
during the LIA. More recently there has been a warming trend towards the latter part of the 20th Century. In
order for this study to show the influence of climate on the frequency and occurrence of landsliding, climatic
variables must be constrained individually, by region and within the context of rapid climatic changes through
the LIA and present.

Since the publication of the IPCC (2007) report, it has been well understood that a warming climate will lead
to a higher frequency of extreme weather events. If this is combined with a high NAOI and SOI (Southern
Oscillation Index) then the implications of this could result in an increase in extreme events higher than
previously anticipated. Whilst this will have implications globally for a variety of environments, marginal
environments such as the European Alps will be affected to a greater degree. If we consider past climate
changes, we can discern severe impacts on alpine environments which in turn lead to an increase in erosion
rates (Willett et al., 2006). When considering the frequency and magnitude of landslide events in the
European Alps, it has been shown that there is a correlation between landsliding and climate. Further, the
transition from the relatively humid LIA to the present dryer conditions produces the highest slope instabilities
(Schmidt and Dikau, 2004). While there is a definite relationship between slope stability and the climate,
there are also other factors which play a role in the incidence of landsliding and these too are be considered
within this study (Schmidt and Dikau, 2004).

10



LANDSLIDE RISK AND CLIMATE CHANGE IN THE EUROPEAN ALPS

The European Alps is a diverse marginal environment in which small fluctuations in climate affect processes
controlling glacial and permafrost extent, landscape evolution, the water cycle, geomorphic processes and
natural hazards (Haeberli et al., 2007; Keiler et al., 2010). In order to begin to understand these smaller
scale processes high spatial resolution climate data is required, and it is for this reason that much work has
been carried out in collecting and homogenising instrumental temperature, precipitation, air pressure
sunshine and cloudiness datasets across the European Alps (Béhm et al., 2001). Continued work in this
area has resulted in improvements in eliminating issues of spatial coverage and resolution (Auer et al., 2006;
Bdhm et al., 2010). Itis not only the spatial scale which is of interest, but also the temporal scale. More
recently the European Alps instrumental datasets have been improved to monthly resolution; with the hope
of extending this to daily (Auer et al., 2007). Having a good temporal resolution of climatic data in alpine
environments facilitates our understanding of how short term climatic changes fit in with the wider global and
hemispheric scale climate variability. It will also allow for investigations into seasonal variations in climate
and how variations in seasonal precipitation and temperature affect the morphology of mountainous
environments
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Figure 5.1 HISTALP Station Map from http://www.zamg.ac.at/histalp/content/view/21/1/index.html. The project covers [the]
Greater Alpine Area (GAR) from about 4-19 E and 43-49 N. The density of the station network and length of a single station
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Fluctuations in weather and climate can produce large (non-linear) landscape responses where thresholds
are exceeded, and changes in the variability of key climate elements influence the frequency of landscape
responses (Katz and Brown, 1992). In terms of landsliding, rainfall has been shown to be an important factor
in initiation, and modelling has shown that responses to rainfall vary on a number of different timescales. On
shorter timescales (ranging from minutes to hours and days) heavy rainfall events can result in overtopping
the antecedent groundwater conditions resulting in severe erosion, landslide triggering and flash flooding
(Begueria and Vicente-Serrano, 2006). Both freeze-thaw action and the transition between wet and dry
phases vary on seasonal timescales, and can greatly exaggerate mechanical weathering acting as an
important precursor to landsliding (Abele, 1997; Chigira, 2002). The role of temperature also varies over
time and extreme events, such as the hot summer of 2003, highlight more recent increased variability. The
summer of 2003 was ~3°C warmer than the 1961-1990 average (Schar et al., 2004) and was characterised
by “exceptional rockfall‘(Gruber et al., 2004a, p. 1) and extreme permafrost thaw in the European Alps;
illustrating how a short-term increase in temperature can cause widespread destabilisation of rock walls.
Modelling the effect of temperature on rock strength has also shown a reduction in both cohesive and tensile
strength (Chemanda et al., 2005) and, as well as extreme events, gradual increases in mean annual air
temperature (MAAT) will also affect the incidence of landsliding and rock stability in sensitive alpine
environments.

t is important to be able to understand the relative importance of climatic variables in order to assess their
impact upon landsliding. The following list details a number of important climatic factors that need to be
considered in this study:

Precipitation Temperature

1. Variability 1. Variability

2. Extremes 2. Extremes

3. Seasonality 3. Seasonality
4. Storminess 4. Summer highs
5. Intensity of events 5. Winter lows

The initiation of a landslide occurs when there is a) a load or stress applied; or b) elastic deformation (Petley
and Allinson, 1997). As a result it is possible for a landslide to occur in a stable stress system when a
decrease in strength is met by an increase in strain. A decrease in strength can be caused by an increase in
temperature (Figure 5.2, reducing rock strength (Chemenda et al., 2005) and permafrost stability (Davies et
al., 2001). MAAT and rock wall temperatures in mountain permafrost environments show a high degree of
coupling (Gruber et al., 2004b), thus increases in MAAT will lead to increases in both the frequency and
magnitude of landsliding. This becomes an issue in the European Alps where the MAAT is increasing
(Haeberli et al., 2007). When temperature oscillates between periods of cool to warm from seasonal
variations to longer climatic trends, one would expect the impact of the reduction in strength to increase
accordingly.

12
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Precipitation also has a destabilising effect on slopes (lverson, 2000), although this relationship is much
more complex than temperature. Pore water pressure (PWP) is affected by the amount of precipitation that
an area receives (lverson, 2000). During periods where there is a high variability of monthly to seasonal
precipitation or periods with high storm intensity, there will be an increase in the frequency and magnitude of
landsliding. Different distributions of the power-law relationship (which will be discussed in greater detail in
Section 8.2) would be expected for different spatial and temporal differences in climatology.

Iverson (2000) has shown that the timescale, frequency and intensity of rainfall are important for the
magnitude and frequency of event. The influence of these factors varies depending on the climatological
setting; whether the environment is typically dry or wet. Background water content and water-table height
reflect steady-state PWP within the material which are built up over periods from days to years. These do
not trigger landslides but influence propensity (Iverson, 2000). On shorter timescales, large dangerous
landslides can occur in response to transient rainfall, with individual rainfall events or groups of storms
prevailing (lverson, 2000). These events occur on timescales from minutes to months (Iverson, 2000). In
order for this relationship to be established, this project will assess rainfall variability on timescales ranging
from months (where available), to seasons, to years.

Glacial and periglacial activity and processes have been shown to directly affect landslide and rockfall
activity (Bisci et al., 1996; Schrott et al., 1996; Lang et al., 1999; Borgatti and Soldati, 2004; Holm et al.,
2004). Both may provide a causal link to understanding mass wasting and are an important consideration for
assessing locations which may become susceptible to increased frequency of landsliding in the Alps.
Understanding the past will also assist with this causal link between the climate, glacial and periglacial
processes and landsliding. During the LIA in the European Alps a well established pattern of several periods
of glacial advance and retreat are evident (Grove, 2004; Stoffel and Beniston, 2006), and we can use this
period to look at changes in landslide frequency and magnitude. Since the LIA there has been a marked
decrease in glacial length and mass balance attributed to climate change (Haeberli et al., 2007). The ability
to predict future patterns of glacial retreat in line with the changing climate will enable us to identify areas
which may destabilise as a result of these processes in the future. This project is concerned with the specific
triggering of large landslides and establishing how dependant landslide initiation is on climate variability, and
so an understanding of glacial and periglacial processes is important in deducing patterns of potential areas
for future landslide susceptibility.

Seasonality potentially has a large effect on the frequency and size of landslides. Hilker et al. (2009) showed
that between 1972 and 2007 in Switzerland the most damaging landslides and floods were in the summer
months: June, July and August. This may be difficult to quantify for the LIA as the resolution and dating of
landslides will not have this monthly degree of accuracy. Nonetheless, this would be an interesting

13
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consideration for those landslides from the more recent past, and would also be appropriate within the
space-for-time substitution (as will be discussed in Section 8.1).

There is a well established link between short-lived heavy precipitation events and the triggering of a
landslide. However, a number of studies have looked at longer term trends of landslide frequency and
climate change since the Late Quaternary and Holocene (Trauth et al., 2003; Soldati et al., 2004, Figure 5.3;
Borgatti and Soldati, 2010). Such studies have found that changes in landslide frequency come about as a
direct result of changes in the “hydrological conditions of slopes, which are directly controlled by climate”
(Borgatti and Soldati, 2010; p. 56). A dataset of 24 landslides from the Italian Dolomites has shown that
clusters of landslides occur at the same time as climatic changes: at 10,700 to 8400 cal B.P.; from 8200 to
6900 cal B.P.; from 5800 to 4500 cal B.P.; and from 4000 to 2100 cal B.P. (Figure 5.3). These clusters have
been found to occur with increases in temperature, precipitation and storminess (Figure 5.3). Other
landslide studies referred to by Borgatti and Soldati (2004) show a divergence in the timings of landslide
clusters between the UK, Poland, Spain, Switzerland and Italy; each correlated with changes in the climate.
This research project hopes to draw on this and extend these findings to the European Alps as a whole,
showing that the different climatic regions of the Alps (Auer et al., 2007; Figure 5.1) also show a divergence
in the timings of landslides relating to the differing climatologies of these regions. Other landslide clusters
have also been found in the Argentine Andes. A number of studies have attempted to reconstruct
Quaternary climatic changes in this region, however, the interpretation of the palaeoclimatic records within
the literature has shown a divergence in the timings of wet and dry periods (see Hermanns et al., 2000 and
Trauth et al., 2003 for full discussion). In an attempt to reconcile this debate, Trauth et al. (2003) found that
changes in the frequency of larger landslides (>10 m? after Hermann et al., 2000) could be used to better
understand the divergences seen between these palaeoclimatic proxies. In short they used landslides as
palaeoclimate proxies themselves. Periods of increased landslide occurrence were well correlated to more
humid periods, with reductions in landslide frequency reflecting dryer periods. These results would suggest
that there is a correlation between climate and landsliding.

Yet, the relationship between landsliding and climate changes is not simple and obtaining accurate dates for
older landslides is difficult to obtain. In the Argentine Andes example, the dating of the landslide clusters
was made possible through the presence of volcanic tephra layers in landslide deposits, leading to the
development of a chronostratigraphy for these events (Hermanns et al. 2000). However, this is not possible
in the study area of the European Alps due to the differing geologies. Furthermore, within the academic
literature the number of dated LIA timed landslides are incomplete and unrepresentative. Another issue
arises when relating changes in the climate to landsliding, namely landslides may show a delayed response
to changes in the climate (Abele, 1997) therefore making it difficult to establish a link between the two. The
majority of modern landslide databases, which sometimes contain thousands of landslides, have known
weather events as triggers and often absolute dates of initiation. Most of the papers which look at palaeo
landslides do so with tens of landslides as evidence, not thousands as this study hopes to obtain. As such,
this research is novel in that it will use the power-law relationship (after Malamud et al., 2004; see Section
8.2) to investigate longer term landslide and climate trends in the European Alps through the collection of a
substantive landslide database incomplete.
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Figure 5.3 After Soldati et al. (2004; p. 157). Figure shows the relationship between landsliding and late-glacial climate changes
for the UK, Spain, Poland and Switzerland. The red boxes show periods of increased landslide activity which coincide with
climatic changes as outlined in the paper. The red area represents an increase in temperature and glacial recession, blue areas
increases in precipitation and the grey area an increase in storminess.
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This research will examine the influence of climate and climate change on the incidence of landslides in the
European Alps over the past 200 years. Climate influences landscape evolution through physical processes
such as changes in hydrology (Korup, 2005a), glaciation and periglaciation (Benn and Evans, 1998; Holm et
al., 2004), and plant community dynamics (Viles et al., 2008). These processes in turn affect the physical
form of a landscape through myriad small- to large-scale mechanisms such as flooding, freeze-thaw action
and landsliding (Schlunegger and Hinderer, 2001; Stoffel and Beniston, 2006; Sanchez et al., 2010). The
latter is the focus of this research project; specifically this study focuses on the relationship between climate
change and the frequency and occurrence of large-landslides and the risks these pose on communities and
infrastructure in the European Alps.

Landslide research can help the insurance industry in understanding how climate impacts on landscape
evolution and ultimately the risk posed by landslides to vulnerable communities. In order to understand the
potential landslide risk, areas at risk must be identified, the timescales on which landsliding may occur, and
both must be understood in terms of landslide magnitude. By identifying areas at risk the potential for
destruction can be evaluated. This evaluation can be problematic in that elements at risk are often transient;
for example the population of an Alpine resort varies seasonally (Guzetti, 2005). For policy in particular, the
timescale at which a certain magnitude event occurs is very important. Policy makers want to know ‘what is
a 1:100 year event going to look like’, ‘what is the potential damage going to be’, and ‘where is it likely to
occur”? Depending on the type of landslide, different triggers and combinations of these have been
attributed to the increased frequency of landsliding in certain areas (Dapples et al., 2002; Soldati et al., 2004,
Dai and Lee, 2001).
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7 OBJECTIVES AND HYPOTHESES

This project has the following objectives:

e to determine whether changes in the climate affect the frequency and magnitude of large landslides
¢ to examine how the frequency of large landslides have varied with past climates
e to consider the feasibility of making predictions in terms of future climate change

In order to achieve this, the following will be examined: a) the power-law relationship which describes the
frequency/magnitude relationship of large landslides (Stark and Hovius, 2001; Malamud et al., 20043;
Torgoev et al., 2010; see Section 8.2), and b) past climate fluctuations in order to understand whether
landslide area and frequency have co varied with climate in the past.
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In order to quantify the relationship between the climate and landsliding, a landslide database will be
compiled. The power-law relationship will be used to assess the influence that climate and individual climate
metrics (as discussed in Section 8.2) have on the size and frequency of landslides in the European Alps.
Two aspects in particular will be used to investigate this relationship:

a) the climate of the Alps varies spatially and has been defined by Coarse Resolution Subregion
(CRS; Auer et al., 2007; Figure 5.1). These regions will be used to determine whether the spatial
distribution of climate has any effect on landsliding; and

b) temporally by portioning landslides by age into the Little Ice Age and the present.

The CRSs have been defined by Auer et al. (2007) through principle component analysis (PCA) of annual
temperature, precipitation, air pressure, cloudiness and sunshine (Figure 5.1). These regions will be used to
segment a landslide database by location within these regions. This division is appropriate for landslides
occurring post-1750 as the CRS regions are based on this period of instrumental data analysis. In order that
the landslides are temporally partitioned age (goal b), instrumental temperature and precipitation
reconstructions for the European Alps will be used.

The landslide data will be partitioned in several different ways:

a) by changes in climatic metrics and by separating temperature from precipitation, etc (as discussed in
Section 5.5);

b) by LIA and present;

c) by CRS which is a more holistic view taking into consideration climate as whole (space-for-time
scenario).

In order to determine the relative effect that changes in specified climatic variables have on the frequency of
landsliding, the data will be clustered according to changes in seasonal, monthly and annual precipitation
and MAAT (mean annual air temperature). This will not merely consider absolutes of temperature and
precipitation, but of the magnitude of change; for example from a period of low MAAT to high, including both
the timings of change and magnitude, and seasonal and annual precipitation. This will hopefully present us
with differences in the shape of the distribution, specifically the tail.

Following this, the LIA and present will be considered, and used to cluster the data temporally to determine
whether there is a shift in the straight tail of the log-log distribution (after Stark and Hovius, 2001). The LIA
and the present represent two distinct climatologies and would be expected to present different large-
landslide distributions. The justification given for this is that permafrost and rock stability is greater in colder
climates.

The landslide database will also then be clustered by CRS to determine whether the climatic region will have
any influence on the shape of the distribution. This will introduce a spatial element (goal a) to the
investigation to determine whether the different climatic regimes of each of these regions have any impact on
landsliding. This segmentation of the data is based purely on differences in climatology between regions as
defined by Auer et al. (2007), but can also be used as a space-for-time substitution. The premise behind this
is that climates associated with different regions will be different from each other and in some ways
comparable to the climate of another time, thus allowing for the temporal element to be substituted for space.

Time-series analysis looks at the evolution of a phenomenon over time. This paper hypothesises that a
spatial pattern will be evident in landsliding due to the different climatologies of each of the coarse resolution
sub regions (CRS; Auer et al., 2007). This second investigation will use time-series analysis to look at how
elements of the climate change over time and how well this correlates with changes in landslide magnitude
and frequency. This will involve looking at how the climate elements (as discussed in Section 3.5) evolve
over time and looking for patterns in each series. This will then be compared with landslide data (both
frequency and size) to evaluate these distributions. Periods of greater climatic variability would be expected

18



LANDSLIDE RISK AND CLIMATE CHANGE IN THE EUROPEAN ALPS

to correlate with higher frequencies of landslide activity translating to a change in the distribution of the
power-law with greater climate variability resulting in an upward shift in the tail.

This research project aims to use the established power-law relationship between landslide size and
frequency (Malamud et al., 2004a; Figure 8.1) in different climatic regimes in order that we may understand
how climate affects the frequency and magnitude of landsliding. | propose that under different climatic
regimes the shape of the distribution, in particular the position of the straight tail, will change due to climate
variability. The working hypothesis is that a change in landslide activity in response to climate change will
generate a concomitant change in landslide distribution. The focus will be on the large-landslide/low-
frequency tail of the distribution, which is well described by a negative linear trend in log-log space (Figure
8.1). A secondary hypothesis is to explore the idea that this scale-invariant distribution arises through scale-
invariant processes: large landslides operate and respond to climate in similar ways.
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Figure 8.1 Malamud et al, 2004a, p. 693.

“Dependence of landslide probability densities p on landslide area A,, for three landslide inventories: (1) 11,111 landslides
triggered by the 17 January 1994 Northridge earthquake in California, USA (open squares) (Harp and Jibson, 1995, 1996); (2)
4233 landslides triggered by a snowmelt event in the Umbria region of Italy in January 1997 (open circles) (Cardinali et al.,
2000); (3) 9594 landslides triggered by heavy rainfall from Hurricane Mitch in Guatemala in late October and early November
1998 (closed diamonds) (Bucknam et al., 2001). Probability densities are given on logarithmic axes (A) and linear axes (B).
Also included is our proposed landslide probability distribution. This is the best fit to the three landslide inventories of the three-
parameter inverse-gamma distribution (Equation 32, with parameter values

0=140,a=128x 10" km? s=-1-32 x 10 km>."

This research project aims to reassess the frequency-area relationship (Stark and Hovius, 2001; Malamud et
al., 2004a) by partitioning the landslide database based on climate and changes in key climate variables (as
discussed in Section 5.5). This assessment directly challenges the commonly implied (but poorly
investigated) view that landslide distributions are unaffected by climate. A number of studies (Stark and
Hovius, 2001; Malamud et al., 2004; Torgoev et al., 2010) have shown that there is a log-log linear
relationship between the frequency and area of large landslides; a relationship which quantifies the number
of landslides occurring at different scales (Malamud et al., 2004). Under this type of analysis the implicit
assumption is that there is a commonality between processes acting on landslides over a threshold size and
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frequency; implying different triggers do not affect the shape of the distribution (Figure 8.1). This suggests
that landslide size and frequency are not affected by climate as the distribution does not change. This paper
intends to both look at landslide datasets as a whole (thereby validating the log-linear distribution) and by
partitioning the datasets on the basis of time-varying climate regime to explicitly investigate the importance of
climate change in triggering landslides.

A recent study considering the frequency/area relationship of landsliding over time has focussed on four
landslide databases for the Maily-Say Valley in the Tien Shan (Figure 8.2). Unlike other landslide studies,
these events were examined separately and grouped temporally. The frequency and magnitude are found to
be increasing over time in this study; a relationship which had been attributed to the “increasing density of
slope instabilities” (Torgoev et al., 2010, p. 34). This shows that when landslides are separated temporally
there can be a difference in the position of the straight tail (Figure 8.2). Whilst Torgoev et al. (2010) do not
make specific reference to the physical mechanisms behind this divergence, this paper hopes to test the

hypothesis that changes in the frequency and magnitude of landslides over time will be correlated with
changes in the climate.

Frequency density for landslide areas of Maily-Say
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Figure 8.2 Torgoev et al., 2010. Size/Frequency evolution of landslide areas in the Maily-Say Valley (115.4 kmz). Data
availability cover 1962 (162 events), 1984 (206), 1996 (222), 2002 (189) and 2007 (208).

As this paper looks at how the frequency and magnitude of landsliding changes with the climate, a landslide
database or inventory is required as these are the easiest way of documenting landsliding for assessing
these types of relationship (Guzzetti et al., 2000). An inventory map records the site and type of landslide in
the region and also the date of initiation (Malamud et al., 2004a). Landslide inventories generally fall into
one of two classes: those associated with a trigger; and historical inventories which document the landslide
evolution of a region over time (Malamud et al., 2004a). In the case of this research project the temporal
range would ideally include landslides from the LIA up to modern-day datasets. In order to determine
whether the power-law relationship exists in the European Alps a landslide database must be collected which
includes a minimum of the following:
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Landslide ID (unique entity Latitude/Longitude

description) % =
Date Trigger 382
Area of scarp (m°) Area of deposit (m°) 545
Volume of scarp (m°) Volume of deposit (m°) 883
Height Runout S o
Supplementary details will include (where possible): -
Geology Aspect (°)

Type of movement Journal reference

For the analysis, the area and frequency of all landslides will initially be used and will be plotted on a log-log
graph of frequency against area (m ) (Malamud et al., 2004a) and the data collected for this research would
be expected to show a similar distribution. Following this the CRS will be used (Auer et al., 2007) to partition
the data by climate; again a similar distribution would be expected but with a change in the positioning of the
straight tail (as found by Torgoev et al., 2010). The final test will be a time-series investigation. The paper
will look at the relationship between time and frequency, time and area, and finally the three together with x
axis being time, the y axis Iandshde area (m ), and the z axis showing frequency. This will give a surface
plot showing how the area (m?) and frequency of landsliding has changed over time. The temporal range of
the landslide database will ideally be well distributed across the 20th century (as this is the temporal range of
weather and climate data that is available). In a reV|ew of the statistical properties of landslide inventories,
the authors found that the number of landslides per km? varied from study to study. The range of Iandshde
densities was from around 0.96 landslides per km? (Bucknam et al., 2001) up to 2.11 landslides per km?
(Cardinali et al., 2000), yet the majority of landslides were not well distributed over this area and clusters of
landslides appeared in the data (Malamud et al., 2004a). It seems evident that if the data are well clustered
temporally and spatially, then a statistical relationship between landsliding and the climatic partitions will be
attained. Another option would be to have landslide database covering a specific region with a good climatic
record. The Barcelonnette region in France has a high resolution dataset of both climate and landslides with
around 400 landslides mapped and documented in this region (Malet, 2010, personal communication). The
temporal range is of around 100 years for landsliding and longer for climate. Within this dataset it may be
possible to identify clusters of landslides which correlate with temperature and precipitation fluctuations as
previously discussed. Other such datasets are available and may become available for this project; however
the data is not yet forthcoming.

In terms of accessibility of data, an initial literature review has been conducted for the French Alps over a
period of approximately 2 months. A database for Austria has also been collated over a period of 2 weeks
with a total to date of 61 landslides. Along side this two datasets have been obtained from academic
sources culminating in a total of around 500 landslides. There are also a number of datasets available
online, with information about these being obtained from the Joint Research Centre (JRC, 2010). While
these datasets provide direct and quick access to vast swathes of data, there will be an extensive
amalgamation process. Many of the landslide databases miss out crucial elements such as magnitude,
velocity and timings of failures as is common in such databases (Sorriso-Valvo, 2002). Available databases
are also country specific and there is often little continuity between the various types of information offered
by each. The format of each of the available databases is also vastly different across the European Alps,
with the French database having all details available for download as one document region by region (Table
8.1) and the Austrians having the names of each landslide available for download, but details pertaining to
each as a separate file, or as a list of available literature(Table 8.21, 8.22 and Figures 8.31 and 8.32). This
results in a potentially time consuming exercise of extracting the necessary data required to look at the
temporal and spatial distribution of landslides since the LIA.
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BASE DE DONNEES NATIONALE DES MOUVEMENTS DE TERRAINS

(National Database of Land Movements)

Export des fiches du département (Exported records from the department)

06 (Alpes-Maritimes)

-IDENTIFICATION-

Identifiant (/D)

22300003

Type mouvement (Type of movement)

Glissement (Slip)

Degré de fiabilité (Reliability)

1

Date début (Initiation date)

01/12/1987

Degré de précision (Degree of accuracy)

Mois (Month)

Département (Department)

Alpes-maritimes - (06)

Commune principale (Main town by proximity) AIGLUN
Numéro Insee (Number) 6001
Lieu dit (Name of place) --
Coordonnées X (m) (Coordinates X (m)) 969716
Coordonnées Y (m) (Coordinates X (m)) 1883746
Type coordonnées (Coordinate system) NTF Lambert 2 Centre
Coordonnée X en Lambert 2 étendu (m) (Coordinates X in Lambert (m)) 969716
Coordonnée Y en Lambert 2 étendu (m) (Coordinates Y in Lambert (m)) 1883746

-QUALITE FIABILITE PRECISION- (Quality and Precision, Reliability)

Degré de fiabilité de la fiche (Reliability of the data)

Moyenne (Average)

Origine inconnue (Unknown origin)

Saisie non validée (Entry not
valid)

-SOURCE- (Original source of the information)

LCPC (Laboratoire Central des Ponts et Chaussées)

- GEOMETRIE — (Geometry)

Pas de description géométrique (No geometric description)

Largeur du glissement (Width of landslide)

Amplitude du glissement (Magnitude)

Volume du glissement (Volume transported)

- DOMMAGES - (Damage)

Sur les biens (To property)

Non (No)

Victimes (Victims)

Non (No)

Table 8.1 Extract from the French Landslide Database showing the types of information available. The landslide selected
is number 22300003 from the Alpes-Maritimes region of south-east France. Available online from http://www.bdmvt.net/.
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Mass Movements
Federal
Number Name Country Type Image Link
Rockfall/Rock Show
MBO001 Schachtkopf Tyrol Topple Location
Rockfall/Rock Show
MB002 Am Saum Tyrol Topple Available Location
Rockfall/Rock Show
MBO003 Fernpal® Nachsturz | Tyrol Topple Available Location
Rockfall/Rock Show
MB004 Sonnspitze Tyrol Topple Location
Rockfall/Rock Show
MBO005 Zunterkdpfe Tyrol Topple Location
Rockfall/Rock Show
MBO006 Ehrwald Tyrol Topple Location
Rockfall/Rock Show
MBO007 Tschirgant Tyrol Topple Available Location
Rockfall/Rock Show
MB008 Haiming Tyrol Topple Available Location
Rockfall/Rock Show
MB009 Eibsee Tyrol Topple Location
Rockfall/Rock Show
MBO010 Pletzachkogel Tyrol Topple Available Location
Rockfall/Rock Show
MBO011 Mariathal Tyrol Topple Location
Rockfall/Rock Show
MB012 N Unken Salzburg Topple Location
Rockfall/Rock Show
MB013 Pass Luftenstein Salzburg Topple Location
Rockfall/Rock Show
MB014 Lofer 1 Salzburg Topple Location
Upper Rockfall/Rock Show
MB015 Almtal Austria Topple Location
Rockfall/Rock Show
MB016 Grimming Styria Topple Location
Rockfall/Rock Show
MB017 Grimming E Styria Topple Location
Rockfall/Rock Show
MB018 Trago W Styria Topple Location
Rockfall/Rock Show
MB019 Trago E Styria Topple Location
Rockfall/Rock Show
MB020 Wildalpen Styria Topple Available Location

Table 8.21 An extract from the Austrian Mass Movement database. Information regarding the location is available from the
Show Location hyperlink on the website. Available online from http://geomap.geolba.ac.at/MASS/MASS main.cfm?Init=false.

Number/OBJECT
ID

MB002 (OID: 176)

Source of
literature

Abele, G. (1964); Steinbichler, C. U. Tippelt, O. (2006)

Internet links

http://www.nat-hazards-earth-syst-sci.net/8/377/2008/nhess-8-377-2008.pdf

http://info.tuwien.ac.at/geophysik/bibliography/reports/Geophysikexkursion2006 Berichte.pdf

Region of Austria

Tyrol

Mass Movement:

Sagging of mountain slopes

Contact:

Department of Engineering Geology

Table 8.22 Am Saum landslide (see also Table 3.21). As shown, the information pertaining to the landslide itself is available from a

number of sources including online information, through academic literature and from information available from the Department of

Engineering Geology.
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Figure 8.31 An image from the Austrian Mass Movement database of the Am Saum
landslide.
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Eigure 8.32 Corresponding map of image 3.11 available from http://geomap.geolba.ac.at/MASS/MASS main.cfm?Init=false with the star
in the centre of the map representing the site of the landslide.
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A number of smaller databases are available in the literature covering different areas of the European Alps.
These are not suitable to use the power-law distribution analysis on due to the small number of recorded
events, however can be used to look at landslide clusters across datasets. This is in line with the landslide
clustering hypothesis as outlined in Section 8.1. The following Table 8.3 details the literature which could be
used in such a way.

Number of
Authors Landslides | Temporal Range | Area Other
13,000 to 2,300
Soldati et al., 2004 24 | B.C. Italian Dolomites
4,300 to 450 Western Swiss Highly influenced by anthropogenic
Dapples et al., 2002 5| B.P. Alps activity
1816 to 1993 Vars, Hautes-
Martin, 1994 33 | AD. Alpes, Fr. Dates of re-activations also
Gasparetto et al., 10,850 to 4,220
1994 30 | B.P. Italian Dolomites
1561 to 1992 Marche,
Dramis et al., 1994 1| AD. Apennines, It. 39 re-activations and climate data
12,150 to 153
Panizza et al., 1996 28 | B.P. Italian Dolomites

Table 8.3 Showing the availability of smaller inventories in the literature which could be used to identify landslide clusters.

The mapping of the distribution of landslides will be carried out in Google Earth and input to ArcGIS. Google
Earth has been highlighted as an appropriate and useful way by which to collate a landslide map (Korup,
2010, personal communication). Following this the data will be transferred into ArcGIS which is an
appropriate and accessible way to look at spatial patterns within the datasets. ArcGIS also allows for various
types of data to be collated in one place, with easy access to different layers and ways in which to link other
data sources to the database.

A shuttle radar topography mission (SRTM) digital elevation model (DEM) at 90 m resolution is available for
the whole of the European Alps (Figure 8.4). The data will be used as a layer in the final hazard map to both
visually represent the spatial context of the landslide database in ArcGIS and to assess susceptible areas.
The data can easily be analysed in both ArcGIS and MatLab and variation in slope angle can be determined
in order to ascertain areas more susceptible to landsliding. The DEM will also be used to look at potential
runout distances and there are various analysis tools in ArcGIS such as flow accumulation and direction
which will also be of use in this. Other tools available in ArcGIS include spatial statistics tools which will be
used to identify clusters in the dataset.
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Figure 8.4 SRTM data, available for download from http://srtm.csi.cgiar.org/.

8.7 GOOGLE EARTH

Google Earth has proven to be a useful tool for the amalgamation of landslide datasets due to its
accessibility and ease of use. The software allows the user to zoom into high resolution images of the
landscape, and also gives a 3D topographic view which greatly facilitates the mapping process. This has
proved extremely useful in mapping landslides from the literature. There is an easy-to-use latitude/longitude
indicator and matches well with the coordinates given in the literature, however others (Nourbakhsh et al.,
2006) have found that the place names offered by Google Earth are sometimes up to 100 km out. The
actual mapping of the landslides has been done by eye using the polygon tool in Google Earth (Figure 8.5).
The data can then be saved as a kml. file and used with MatLab. The benefits of using Google Earth are
numerous; as well as being freely accessible, the images are of a high resolution at between 6 inches and
15 meters (Nourbakhsh et al., 2006). The images are not always up-to-date and can be as old as three
years in some cases (Nourbakhsh et al., 2006), however as this study is aiming to look at a wider temporal
range than three years and so this has not been identified as an issue. Identifying older landslides is an
issue as the deposits have often been eroded and have become vegetated, but the main priority of the
mapping is pinpointing the location which has still proven possible. The area of the deposit is often referred
to in journal articles as well as the size and date and so Google Earth stands up as an appropriate tool. In
addition to this, Google Earth records areas of interest, populated areas, hotels and some infrastructure such
as roads. As risk is central to this study, these elements will be of use when a pattern of landsliding
determined, although location of specific sites may present an issue here. These may also be extracted as a
layer and used in conjunction with the SRTM data and landslide database in ArcGIS.

26



http://srtm.csi.cgiar.org/

LANDSLIDE RISK AND CLIMATE CHANGE IN THE EUROPEAN ALPS

j Google Earth_
File Edit View Tools Add Help

¥ Search

FlyTo Find Businesses Directions

Fly to e.q,, 54043

B

¥ Places |
| - W w3andosaceFall Zone
Deline, P (2009).
| Interactions between rock
[ P 014 Miage a Fall Zone
Deline, P (2009).
Interactions between rock
- V] P 014 Miage a Deposit
Deline, P (2009).
| Interactions between rock
[ P 015 Miage b Fall Zone
Deline, P (2009).
Interactions between rock
- [V P 015 Miage b Deposit — -
Deline, P (2009). v
| Interactions between rock
[¥] P 016 Miage c Fall Zone
Deline, P (2009).
Interactions between rock
- V] P 016 Miage c Deposit Bl
Deline, P (2009).
| Interactions between rock
[ P 017 Tour des Grandes Jorasse
| Deline, P (2009).
Interactions between rock
- V] P 018 Tour des Grandes Jorasse
Deline, P (2009).
Interactions between rock
[ P 019 Brenva s

Deline, P. (2009),

Interactions between rock
- VP 020Brenva b
Deline, P. (2003).

Goog le

¥ - Image © 2i

1 o " ; 3 010 Tele Atlas
- — = oogle
» Layers | Earth Gallery » | 45°50'53.46" N 94"E  elev 1792 m Eyealt 34.38km

Figure 8.5 Google Earth image including a number of landslides recorded at the Italian/French/Swiss border.

8.8 CLIMATEDATA

The spatial and temporal distribution of climate must also be characterised; specifically MAAT and
precipitation variability at monthly, seasonal and annual timescales (as previously discussed). | am hoping to
link changes in the variability of climate with changes in the frequency and magnitude of landsliding so it is
important to understand the spatial distribution of these variables if landslide distribution is to be spatially
correlated with the climate partitions (cf. Auer et al., 2007). In order to achieve this, the data will be divided
both spatially by these regions and temporally by the LIA and present or by modern partitions to investigate
the impact of specific climatologies on landsliding.

8.9 INSTRUMENTAL DATA

Instrumental data are widely available for the European Alps and are at a good spatial resolution (Figure
3.1). The HISTALP dataset comprises 242 weather stations recording temperature, precipitation, air
pressure, cloudiness and sunshine at a temporal resolution of a month since ~1850 for a number of sites
(Auer et al., 2007). The density of recording stations is typically ~100-150 km for precipitation pre-1930, and
~60 km for the rest of the 20th century (Auer et al., 2007). Figure 8.6 shows the growth of monitoring
stations in the region since records initially began in 1760. The benefits of using such a dataset are that the
effects of heterogeneities such as changes in location, site surroundings, instruments, time of observation,
observers and other factors (Auer et al., 2007) have been reduced, and the datasets have been rigorously
checked.
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Figure 8.6 Development of the HISTALP monitoring network for the European Alps.
Bold lines indicate the homogenised gap-filled dataset while the thin lines show the
original data.

One of the main issues which will have to be overcome and quantified is the comprehensiveness of the
landslide database. It is not going to be possible within the limits of this PhD to successfully map and
account for all landslides in the study area as not all will be recorded in available landslide databases or in
the literature. The theory behind using the power-law distribution of Malamud et al. (2004) is that it will allow
for the reconstruction of missing data where large landslides are concerned and so will allow for us to assess
the comprehensiveness of the database (Korup, 2005b).

The literature review of available data from journals was extremely time-consuming, and provided a limited
number of results. It is a relatively inefficient method for obtaining the vast volumes of data required for this
research. Many journals do not give specific coordinates of the landslide location, however Google Earth
has proved useful in identifying landslides in this respect as often images of the landslide location are given.
Where coordinates are given, these have been found to correlate well with the images obtained in Google
Earth; however this too extends the time taken to document each landslide. The literature trawl method will
be the primary method of data collection should appropriate databases not become available.

Due to the project focus on the European Alps, with the preliminary literature review centring on the French
portion of the Alps, there are issues with language and accessibility of journals. Many journals containing
information about particular landslides in these areas are either in French, Italian, or German, and while the
author is able to understand French, reading French journals is a slow process due to differences in phrasing
and idioms. Another issue with foreign journals is that many of the older journals (as with English journals)
are not available online and must be requested though the library; again a process which can be time
consuming.

As discussed in Section 8.4, many of the readily available online databases do not include magnitude or
area, both of which are crucial to this study. The spatial distribution of landslides is easily obtainable as most
databases interface revolves around a map of the region concerned. While these databases do contain date
information, this would have to be mapped and extracted separately from the online databases. Other
issues revolve around the varying formats each of the databases present; changing the way data is extracted
from each database extends the time taken to extract the data.
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8.10.5 CLIMATE DATA LIMITATIONS

As with all climatological datasets, there are limitations to their ability to represent the climatic situation of an
area as diverse as the European Alps. The HISTALP dataset, however, goes a long way to overcoming
issues relating to topography and spatial resolution as it has been rigorously tested and verified with a good
temporal resolution.
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9 RESULTS AND DATABASE TO-DATE

9.1 INITIALLITERATURE REVIEW DATABASE

An initial literature review was carried out between September and November 2010 to assess the feasibility
of such a methodology. As the author is able to speak French, it was decided that her efforts would initially
fall to the French Alps. The literature review involved compiling a database in Excel and a map of landslide
locations in Google Earth (Figure 9.1). Google Earth is being used in this way for data collection as the tool
allows for detailed mapping of the visible landslide as well as a coordinate system by which to pinpoint the
exact location of the landslide. It is more appropriate than ArcGIS at this stage as SRTM data and Landsat
data do not provide as detailed a view of the land surface. A total of 36 landslides have been recorded to
date and mapped in this way. This method of data collection will be used in conjunction with obtaining
datasets from academic and other sources in order to build up a substantive dataset.
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Figure 9.1 Google Earth image of Charmonétier landslide from the literature trawl database.

9.2 LANDSLIDE DATABASE FOR THE GRENOBLE REGION

A database of 113 landslide/rockfalls from the Grenoble region in South-West France with a temporal range
from 1248 A.D. to 1997 A.D. has been obtained (Helmstetter, 2010, personal communication). The temporal
range of the dataset is not representative of the data contained, and pre-1935 there is a very limited number
of recorded events, with 89 events in the dataset occurring after this time. However, when the data are
plotted on a log-log graph of frequency and volume they exhibit a power-law distribution (see Figure 9.2) in
line with the more substantive datasets of Malamud et al. (2004a) and Stark and Hovius (2001).
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Figure 9.2 Dussauge-Peisser et al.(2002; p.18). Frequency/volume distribution of the
Grenoble rockfall database. The distribution has been plotted using 87 of the 113 events
and would appear to exhibit similar properties to that of the Malamud et al. (2004a) and
the Stark and Hovius (2001) power-law distributions.

9.3 SRTMDATA

A section of the data focussing on the Schesatobel landslide area has been selected for initial investigation
in MatLab (data obtained from the Geologische Bundesanstalt online database). This area was selected
from the SRTM data using an ArcGIS mask, and the smaller area was then extracted into MatLab to look at
the distribution of hillslope angles (Figures 9.31 and 9.32). This area has a wide range of hillslope angles,
although the distribution shows that the majority of these lie within the range of 20-30°, with the average
being 20.31°. These kinds of analyses can be performed on multiple areas in the European Alps and
analysis can be carried out looking at spatial patterns in the datasets, whilst also relating these to
topography.
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Figure 9.31 Left: MatLab image of the area around the Schesatobel landslide, Austria. The area was selected in ArcGIS, and
input to MatLab to calculate the hillslope angles. The average slope is 20.31°.
Figure 9.32 Right: Graph showing the distribution of slope angles for the area.
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Figure 9.33 Left: Hazard map showing the areas with slope angle greater than 40°. 40° has been selected as an arbitrary figure to
show how the method may work when susceptible slope angles have been investigated further.
Figure 9.34 Right: Image of the hazard map overlain on the DEM.
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9.4 SEISMICTRIGGERS

The European Alps is seismically active, and climate fluctuations will not be the sole factor in the initiation of
a landslide, and may not even be the main factor. As such, other variables including earthquake frequency
and magnitude are going to be important and must be considered within this study. Google Earth compatible
kml. files are available from the USGS, and initial investigations into the spatial and temporal frequency of
earthquakes for the European Alps have been considered from 1973 to 2010 (USGS, 2010; Figure 9.4).
Malamud et al. (2004b) suggest that the minimum magnitude required for the initiation of a landslide is
M=4.31£0.4. Figure 9.4A shows all earthquakes M=4, but when compared to Figures 9.4B and 9.4C itis
evident that the majority of earthquakes are ~M4. For this project, being able to identify these non-climatic
triggers is important as they will potentially disrupt the climate signal. It is likely that some of the landslides in
the landslide inventories will have been triggered by earthquakes and so both temporal and spatial extent
must be determined and eliminated from the dataset. There is an element of this which will be considered
after initial tests are carried out on the landslide database; | propose to iteratively develop our understanding
of linkages between climate change and landsliding as we take these factors into account at different stages
of the analysis.
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The European Alps represent a marginal environment which has seen significant growth in infrastructure,
population and tourism (Hilker et al., 2007). The climate of the European Alps is changing and “exerting a
more significant role in the generation of geomorphological hazards by influencing the operation of all
landscape elements” (Keiler et al., 2010, p. 2462). The European Alps remains in a period of adjustment
following the last glacial, and as such is affected by climatic changes to a greater degree than low-lying
areas (Keiler et al., 2010). As this warming trend continues, landsliding in such marginal areas will continue
and intensify with the changing climate. When this is combined with increasing populations and
development in these areas, the risk of damage and loss of life continues to increase making the prediction
of these events an important factor in trying to reduce the risk and mitigate the potential consequences. The
links between climate and landsliding are clear in the literature, and as such the risks posed on
infrastructure, property and populations by large landslides are increasing.

This research is important as it will determine how the climate influences the magnitude and frequency of
large landslides in the European Alps; and more specifically look at which climate metrics have the greatest
influence. Landslide frequency-area distribution curves are commonly used within the literature to represent
the number of landslides occurring at different scales, however this relationship has been assumed to not
change over time or due to different landslide triggers. This research directly challenges this, and by
partitioning the landslide database based on important climatic parameters (as discussed in Section 5.5) It is
hoped that this research shows that different climates do play an important role, and that variability in climate
has a significant influence on landsliding.
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