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3.5.1
Introduction

The term landslide encompasses a 
wide variety of  phenomena, from the 
simple fall of  rock blocks from verti-
cal rock faces, through to topples and 
landslides that are dominated either 
by a sliding motion or by flows of  soil 
and/or rock. Landslides are strongly 
correlated with other types of  natu-
ral hazards, such as floods, droughts, 
wildfires, earthquakes, tsunamis and 
volcanoes, and are often involved in 
cascading events of  multihazard dis-
asters.

Climate change, the increased suscep-
tibility of  surface soil to instability, 
anthropogenic activities, growing ur-
banisation, uncontrolled land use and 
the increased vulnerability of  popu-
lations and infrastructure contribute 
to the growing landslide risk. In the 
Thematic Strategy for Soil Protec-
tion (European Commission, 2006), 
landslides are considered one of  the 
main threats to European soils. In 

this framework, landslide disaster risk 
reduction should be properly under-
taken in order to reduce the impact 
of  landslides on humans, structures 
and infrastructures. In areas with 
high demographic density, protection 
works often cannot be built owing 
to economic or environmental con-
straints, and is it not always possible 
to evacuate people because of  societal 
reasons. Forecasting the occurrence 
of  landslides and the risk associated 
with them, and defining appropriate 
EWSs, are, therefore, essential needs.

The societal and economic impact of 
landslide risk is difficult to assess and 
it is underestimated, since a relevant 
part of  related damage is attributed 
to other natural hazards, in multihaz-
ard chains (e.g. seismically induced 
failures, rainfall induced debris flows, 
lahars and rock avalanches associated 
with volcanism).

An established worldwide scientific 
landslide community has flourished in 
the last decades, thanks to several in-
ternational organisations, such as the 

International Consortium on Land-
slides and the Landslide Joint Tech-
nical Committee, which periodically 
organise the World Landslide Forums 
and the International Landslide Sym-
posia, respectively. Regular landslide 
sessions are also organised at the 
General Assembly of  the European 
Geoscience Union each year.

The term ‘landslide’ 
describes a variety of 
processes that result 
in the downward and 

outward movement 
of slope-forming 

materials, including rock, 
soil, artificial fill or a 

combination of these.

In this subchapter, the main causes 
and triggers of  landslides and their 
socioeconomic impact at European 
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level are described, before some gen-
eral concepts and methodologies on 
landslide zoning (inventory, suscep-
tibility and hazard maps) and EWSs 
based on the analysis of  landslide 
monitoring data and rainfall data are 
introduced.

3.5.2 
Landslide causes and 

triggers

The most recent landslide classifica-
tion is found in Hungr et al. (2014). 
It discerns five main types of  move-
ment: falls, topples, slides, spreads 
and flows. Many landslides consist of 
a variety of  movement types occur-
ring in sequence. For example, large 
landslides in high mountainous are-
as often start as rock falls involving 
freefalling rock that detaches from a 
cliff, which upon impact at the cliff 
toe may spontaneously transition into 
a very high-energy rock avalanche 
(Hutchinson, 1988). The properties 
of  the flow change further as the 
landslide entrains or deposits debris 
and water.

Landslides vary greatly in size. At the 
largest scale, a single landslide can in-
volve up to some cubic kilometres of 
rock and soils. At the other end of  the 
scale, a small boulder has the poten-
tial to cause loss of  life, if  it strikes an 
individual, or to cause mass fatalities 
if, for example, it causes a train to de-
rail. In general, the potential to cause 
loss scales with size of  the landslide, 
largely because of  the scaling of  the 
kinetic energy and the affected area.

A key causal factor for landslides is 
the topographic setting of  the poten-
tial site. In general, the propensity to 

failure usually increases as the slope 
angle increases, from essentially zero 
on a flat surface to a significantly high-
er level when slopes are steep. How-
ever, the relationship with geological 
factors is highly non-linear, and below 
a key gradient, any given slope is like-
ly to be stable under most conditions. 
Slopes naturally evolve into a stable 
state under any given set of  environ-
mental conditions, primarily through 
landsliding processes. External fac-
tors disrupt the slope equilibrium to 
induce instability; thus, for example, a 
migrating river channel or an unusual 
flood may erode the toe of  a slope, 
increasing the slope gradient and the 
likelihood of  failure. The slope will 
then naturally evolve back to its sta-
ble gradient through time, perhaps by 
means of  another landslide that re-
moves the excess material.

A second set of  causal factors relates 
to the type of  material involved in 
the potential instability and its geo-
technical properties, such as internal 
friction and cohesion. In hard rock 
masses, stability is usually defined not 
by the intact strength of  the material 
but by the joints, fractures and faults. 
The strength of  these discontinuities 
may be dramatically lower than the 
intact rock strength, especially where 
they are lined with a weaker materi-
al. Where such a discontinuity has 
an orientation that promotes failure, 
the resistance of  the slope to land-
sliding can be dramatically reduced. 
Therefore, in many cases, analysis of 
susceptibility depends on an under-
standing of  the role played by these 
discontinuities. Furthermore, the 
strength of  slope materials degrades 
through the processes of  weathering, 
which may physically and chemically 

alter the constituent minerals or may 
break an intact mass into smaller, 
weaker pieces. Therefore, the suscep-
tibility of  a slope to failure may in-
crease with time.

Earth materials interact closely with 
hydrology and hydrogeology. Water 
is probably the most important fac-
tor that promotes slope instability. 
In many cases, water influences the 
strength parameters of  geological 
materials, generally reducing strength 
when materials become saturated. 
Pore water pressure changes the ef-
fective stress state of  a slope, typically 
reducing resistance to shear forces, 
and promoting instability. The lack of 
understanding of  hydrological con-
ditions is a frequent cause of  failure 
in managed slopes; the 1966 Aber-
fan disaster in South Wales for ex-
ample (Bishop et al., 1969), in which 
more than 140 people were killed by 
a landslide from a mine waste tip, 
was primarily the result of  the con-
struction of  the tip on a spring and 
watercourse, which promoted condi-
tions of  full saturation after periods 
of  heavy rainfall. However, water can 
also have more complex relationships 
with instability. For example, in some 
materials partially saturated condi-
tions can provide additional strength 
through the generation of  suction 
forces, while in others saturated con-
ditions can promote soil liquefaction 
after failure, turning a slow landslide 
into a highly mobile and highly de-
structive flow.

Land use can also be a key factor in 
landslide causation. Some types of 
vegetation can improve stability by 
providing additional strength to the 
soil via root systems, and by regulating 
the infiltration of  water and drawing 
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down pore water pressures through 
transpiration. In general, forested 
slopes are more stable than those left 
bare, and there is a large body of  ev-
idence to support the argument that 
there is increased mudflow activity 
after fires have removed vegetation 
(Cannon and Gartner, 2005; Shakesby 
and Doerr, 2006) and increased land-
sliding after careless logging (Jakob, 
2000). In general, the removal of  veg-
etation promotes instability. Growing 
new vegetation is a difficult (but effec-
tive where successful) way to restore 
stability. Deforestation highlights the 
action of  humans as the final key fac-
tor. As people modify the landscape, 
the likelihood of  landsliding changes. 
In many cases, humans promote in-
stability by cutting slopes to steeper 
angles, removing vegetation, changing 
hydrology and increasing weathering 
rates.

Landslide occurrence is 
related to causal factors, 

which create a propensity 
for a slope to fail, and 

triggers, namely the 
specific external event 
that induces landslide 

occurrence at a particular 
time.

In most cases, the timing of  failure is 
associated with a trigger event. This 
is not always true, however; there is 
increasing evidence that slopes can 
fail through progressive mechanisms 
that involve the weakening of  slope 
through time until stability is com-
promised, but such events are rare, 

although they can be destructive. 
However, most landslides are asso-
ciated with a clearly defined trigger. 
Heavy rainfall is a key factor in gener-
ating landslides, primarily through the 
generation of  pore water pressures 
and thus a reduction in the effective 
normal stress. For example, the annu-
al global landslide cycle is dominated 
by the effects of  rainfall associated 
with the South Asian and East Asian 
monsoons (Petley, 2010). The impact 
of  the South Asian monsoon on the 
southern edge of  the Himalayas, al-
lied with the topography and materi-
als of  the region, makes this the glob-
al hotspot for landslide occurrence. 
However, the same correlation holds 
true everywhere.

The second key factor, and possibly 
the most important in terms of  loss 
of  life, is the impact of  seismic events. 
Large earthquakes in mountain chains 
can trigger extraordinary numbers of 
landslides. Recent events include the 
2005 Kashmir (Pakistan) earthquake 
and the 2008 Sichuan (China) earth-
quake, both of  which killed more 
than 20 000 people in landslides. The 
Sichuan earthquake alone triggered 
more than 100 000 landslides. At 
present, the nature of  the interaction 
between seismic waves and slopes is 
poorly understood, and forecasting 
the impacts of  a future earthquake 
in terms of  landslides is fraught with 
difficulty. However, the high levels of 
loss suggest that this will be a key area 
of  research in the future.

Humans can also be a key trigger of 
landslides. The construction of  hy-
droelectric stations can be significant. 
The Three Gorges Dam in China, the 
world’s largest hydroelectric project, 
is expected to lead to the ultimate 

relocation of  1.4 million people ow-
ing to the construction of  a 650-km 
long reservoir and the increased land-
slide risk; similar problems can be 
also found in Europe but to a lesser 
extent. The Vajont rock slide (Italy) 
resulted in the deaths of  more than 
2 000 people in 1963, when rock 
fell into the reservoir impounded by 
the highest arch dam in the world at 
the time. Humans trigger landslides 
through slope cutting (especially for 
road construction), deforestation, ir-
rigation, undercutting and changes in 
hydrology and blasting, among many 
other activities. Mining activities have 
a particularly large impact. In more 
developed countries, mining is there-
fore strictly regulated; sadly, in less af-
fluent countries, regulation lags con-
siderably, and losses are much higher.

Finally, in active volcanic areas, land-
slides can be a major problem. Some 
of  the highest levels of  loss have 
occurred as a result of  the high-mo-
bility volcanic landslide known as a 
lahar, and volcanic flank collapses, 
which can be tsunamigenic, may be 
the largest terrestrial landslides pos-
sible. Some of  the deadliest landslide 
events on record have occurred in 
volcanic areas. Active volcanism pro-
motes instability (the 1980 Mount St 
Helens eruption started with a land-
slide that depressurised the volcano), 
and dome collapse is common. Vol-
canic deposits regularly mobilise into 
high-energy flows, and hydrothermal 
activity can cause material strength 
degradation over large areas. Major 
debris avalanches, partially submarine, 
were triggered by the 2002 eruption 
of  Stromboli volcano (Italy) and they 
caused tsunamis, in a typical multihaz-
ard domino effect (Tinti et al., 2006).
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climate data in Europe for the last 
two centuries demonstrate a shifting 
pattern in frequency and intensity of 
extreme weather events (IPCC, 2012, 
2013). Along with the changes in cli-
mate and weather patterns, demogra-
phy, land use and other factors driving 
the landslide risk are changing rapid-
ly (UN, 2015). Indeed, projections 
through the 21st century for Europe 
indicate that societal changes may 
lead to a larger increase in the impacts 
from landslides and other natural haz-

ards than climate change. Therefore, 
the changes in the socioeconomic im-
pact of  landslides should be consid-
ered at two different timescales. The 
influence of  climate change on the 
spatial and temporal characteristics 
of  landslide risk will be noticeable by 
the end of  the century. At a shorter 
timescale of  one to two decades, the 
rapid changes in anthropogenic fac-
tors such as urbanisation and land use 
change drive the dynamic risk pattern 
that we face today.

3.5.3
The socio-economic
impact of landslides 

in Europe and climate 
change

The fast-paced changes in society, cli-
mate change and the human impact 
on the environment have a major 
impact on the frequency and spatial 
distribution of  landslides. Annual 

Estimate of changes in the exposure of Europe’s population to landslides in the 21st century 
Source: SafeLand (2013)

FIGURE 3.26
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Regional climate model (RCM) sim-
ulations from the EU FP6 project 
ENSEMBLES (Van der Linden and 
Mitchell, 2009) predicted a consistent 
large-scale pattern of  heavy precipita-
tion changes in Europe. The simula-
tions generally showed an increase in 
heavy precipitation over northern and 
central Europe in winter, although 
some inconsistencies were found 
among the predictions from different 
models in mountainous regions and 
at the foothills of  the mountains. In 
summer, most models agree on an 
increase in heavy precipitation over 
Scandinavia and reduced precipita-
tion in southern Europe. The larg-
est inconsistencies were found in the 
transition zone across central Europe, 
which separates areas with positive 
trends in the north and areas with 
negative trends in the south. Con-
sidering both the expected changes 
in patterns of  extreme precipitation 
events and changes in other factors 
driving the landslide risk, the EU FP7 
project SafeLand assessed the expect-
ed changes in climate-driven landslide 
activity (magnitude, frequency) in Eu-
rope in the next 100 years. 

It must be emphasized 
that any prognosis of 

the changes in the socio-
economic impact of 

landslides due to climatic 
change involves a high 

level of uncertainty.

The SafeLand study estimated that 
landslide hazard threatens about 4 % 
of  European citizens today. In addi-

tion to the people directly threatened 
in their homes, 8 000-20 000 km of 
roads and railways are exposed to high 
landslide hazard, causing additional 
direct threats to life and economic as-
sets as well as problems for emergen-
cy response and recovery operations 
(Jaedicke et al., 2013). The SafeLand 
prognosis was that about 0.7% of  the 
total European population will ex-
perience an increase in landslide risk 
by the end of  the century, although 
in some parts of  Europe the risk will 
be reduced. The spatial pattern of 
the expected change in the European 
population exposed to landslide risk 
is depicted in Figure 3.26. The main 
changes in landslide risk at the Euro-
pean scale shown in the figure are due 
to the changes in population pattern 
caused by migration and urbanisation.

The SafeLand project also made a 
detailed study of  the changes in land-
slide risk pattern at local scale for 
selected sites in Europe for the peri-
od 1951-2050. For these studies, the 
climate simulations were downscaled 
to simulate localised heavy precipita-
tion events in regions where rain-in-
duced landslides occur on a regular 
basis. The downscaled climate mod-
els predicted an increase in landslide 
hazard at all sites. These results dif-
fered from the predictions provided 
by larger scale climate models at some 
locations. These differences might be 
explained by the refinement in the 
climate model used, which, for exam-
ple, considered the influence of  local 
topography on precipitation. This 
demonstrated that large-scale mod-
els are useful to evaluate the relative 
spatial variations of  landslide activ-
ity, while local scale models are nec-
essary for urban planners and local 
authorities to estimate the future risks 

associated with landslides and other 
hydro-meteorological hazards in their 
communities or regions of  interest.

In addition, the large uncertainties in 
population and traffic evolution sce-
narios, land use changes and political 
decisions regarding urban develop-
ment require that the key parameters 
driving landslide risk are accurately 
monitored and that the prognosis of 
landslide risk is continuously updated 
as new information becomes available 
and more accurate and refined climate 
change models are developed.

3.5.4
Landslide zoning: 

inventory, 
susceptibility and 

hazard maps

The mapping of  landslides underpins 
disaster risk reduction strategies, inte-
grating socio-economic impacts, and 
therefore the challenge is to analyse 
their causes and triggers in our chang-
ing environments. Owing to the ex-
traordinary breadth of  the spectrum 
of  landslide phenomena, no single 
method exists to identify and map 
landslides and to ascertain landslide 
susceptibility and hazard.

In addition to predicting ‘where’ a 
slope failure will occur, landslide haz-
ard forecasts ‘when’ or ‘how frequent-
ly’ it will occur, and ‘how large’ it will 
be (Guzzetti et al., 2005).

The simplest form of  landslide map-
ping is a landslide inventory map, 
which shows the location and, where 
known, the date of  occurrence and 
the types of  landslide that have left 
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discernible traces in an area (Guzzetti 
et al., 2012). Landslide inventory maps 
can be prepared by different tech-
niques, depending on their scope and 
the extent of  the study area. Small-
scale inventories (≤1:200 000) are 
compiled mostly from data obtained 
from the literature, through inquiries 
to public organisations and private 
consultants, by searching chronicles, 
journals, technical and scientific re-
ports, or by interviewing landslide 
experts. Medium-scale landslide in-
ventories (1:25 000 to 1:200 000) are 
most commonly prepared through 
the systematic interpretation of  aerial 
photographs at scales ranging from 
1:60 000 to 1:10 000, and by integrat-
ing local field checks with historical 
information. Large-scale inventories 
(>1:25 000) are prepared, usually for 
limited areas, using both the interpre-
tation of  aerial photographs at scales 
greater than 1:20 000, very high-reso-
lution satellite images or digital terrain 
models, and extensive field investiga-
tions.

An archive inventory shows infor-
mation on landslides obtained from 
the literature or from other archive 
sources. Geomorphological invento-
ries can be further classified as histor-
ical, event, seasonal or multitemporal 
inventories. A geomorphological his-
torical inventory shows the cumula-
tive effects of  many landslide events 
over a period of  tens, hundreds or 
thousands of  years. In a historical in-
ventory, the age of  the landslides is 
not distinguished, or is given in rela-
tive terms (i.e. recent, old or very old). 
An event inventory shows landslides 
caused by a single trigger, such as an 
earthquake, rainfall event or snowmelt 
event, and the date of  the landslide 
corresponds to the date (or period) of 

the triggering event. Examining mul-
tiple sets of  aerial or satellite images 
of  different dates, multitemporal and 
seasonal inventories can be prepared. 
A seasonal inventory shows landsides 
triggered by single or multiple events 
during a single season, or a few sea-
sons, whereas multitemporal invento-
ries show landslides triggered by mul-
tiple events over longer periods (years 
to decades).

Landslide susceptibility is 
the probability of spatial 

occurrence of slope 
failures, given a set of 

geo-environmental 
conditions. Landslide 

hazard is the probability 
that a landslide of a given 
magnitude will occur in a 

given period and in a 
given area.

Conventional methods to prepare 
landslide inventory maps rely primar-
ily on the visual interpretation of  ste-
reoscopic aerial photography, aided 
by field surveys. New and emerging 
techniques, based on satellite, air-
borne and terrestrial remote sensing 
technologies, promise to facilitate the 
production of  landslide maps, reduc-
ing the time and resources required 
for their compilation and systemat-
ic update. These can be grouped in 
three main categories, including the 
analysis of  surface morphology, chief-
ly exploiting very-high-resolution 
digital elevation models captured for 
example by LiDAR (light detection 
and ranging) sensors, the automatic 

or semi-automatic interpretation and 
analysis of  satellite images, including 
panchromatic, multispectral and syn-
thetic aperture radar (SAR) images, 
and the use of  new tools to facilitate 
field mapping.

Qualitative and quantitative methods 
for assigning landslide susceptibil-
ity can be classified into five groups 
(Guzzetti et al., 1999): 
1. geomorphological mapping, 

based on the ability of  an expert 
investigator to evaluate and map 
the actual and potential slope in-
stability conditions;

2. analysis of  landslide inventories, 
which attempts to predict the fu-
ture landslide spatial occurrence 
from the known distribution of 
past and present landslides (typi-
cally, this is obtained by preparing 
landslide density maps); 

3. heuristic or index-based ap-
proaches, in which investigators 
rank and weight the known in-
stability factors based on their as-
sumed or expected importance in 
causing landslides; 

4. process-based methods that rely 
on simplified physically based 
landslide modelling schemes to 
analyse the stability/instabili-
ty conditions using simple limit 
equilibrium models, such as the 
‘infinite slope stability’ model, or 
more complex approaches;

5. statistically based modelling con-
tingent on the analysis of  the 
functional relationships between 
known or inferred instability 
factors and the past and present 
distribution of  landslides. Re-
gardless of  the method used, it is 
important that the susceptibility 
zonations are validated using in-
dependent landslide information, 
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and that the level of  uncertainty 
associated with the zonation is 
given (Rossi et al., 2010).

Landslide hazard is more difficult to 
obtain than landslide susceptibility, 
since it requires the assessment of  the 
temporal frequency of  landslides and 
the magnitude of  the expected fail-
ures (Guzzetti et al., 2005). The tem-
poral frequency (or the recurrence) of 
landslides, or of  landslide-triggering 
events, can be established from ar-
chive inventories and from multitem-
poral landslide maps covering suffi-
ciently long periods. Furthermore, 
where a landslide record is available, 
an appropriate modelling framework 
needs to be adopted (Witt et al., 
2010). Alternatively, for meteorologi-
cally triggered landslides, one can in-
fer the frequency of  landslide events 
from the frequency of  the triggering 
factors, for example the frequency 
(or the return period) of  intense or 
prolonged rainfall periods. The un-
certainty inherent in the prediction of 
triggers that may result in landslides 
adds to uncertainty inherent in the 
prediction of  occurrence of  land-
slides. 

To determine the magnitude of  an 
expected landslide, investigators most 
commonly revert to determining the 
statistics of  landslide size (area or 
volume). Accurate information on 
landslide area can be obtained from 
high-quality geomorphological inven-
tories. Determining the volume of  a 
sufficiently large number of  land-
slides is more problematic, and usual-
ly investigators rely on empirical rela-
tionships linking landslide volume to 
landslide areas (Guzzetti et al., 2009; 
Larsen et al., 2010; Catani et al., 2016).
Finally, when determining landslide 

hazard as the joint probability of 
landslide size (a proxy for magnitude), 
the expected temporal occurrence of 
landslides (frequency) and the expect-
ed spatial occurrence (landslide sus-
ceptibility), great care must be taken 
to establish if, or to what extent, the 
three probabilities are independent. 
In many areas, given the available in-
formation and the local settings, this 
may be difficult to prove (Guzzetti et 
al., 2005). We expect that the quanti-
tative assessment of  landslide hazard 
will remain a major scientific chal-
lenge in the next decade.

Such identification of  areas suscepbti-
ble to landslide hazard is essential for  
the landslide risk assessment and pos-
sible implementation of  effective dis-
aster risk reduction strategies. These 
strategies (Dai et al., 2002) include 
land-use planning, development con-
trol land, the application of  building 
codes with different engineering solu-
tions, acceptance, and monitoring and 
early warning systems. Land planning 
control reduces expected elements at 
risk. Engineering solution is the most 
direct and costly strategy for reducing 
either the probability of  landsliding or 
the probability of  spatial impact of  a 
landslide. One approach is correction 
of  the underlying unstable slope to 
control initiation of  landslides (such 
as stabilisation of  slope, drainage, 
retaining walls or planting), and the 
other is controlling of  the landslide 
movement (such as barriers/walls 
to reduce or redirect the movement 
when a landslide does occur). The ac-
ceptance strategy defines acceptable 
risk criteria (Fell, 1994;Fell and Hart-
ford, 1997); and the monitoring and 
warning system strategy reduces ex-
pected elements at risk by evacuation 
in advance of  failure.

3.5.5
Landslide

monitoring and 
early warning

These systems require a fine assess-
ment of  the socioeconomic impact 
of  landslides, which must be based 
on accurate landslide mapping, as well 
as an understanding of  their causes. 
EWSs for landslides are based on the 
reliable continual monitoring of  rel-
evant indicators (e.g. displacements, 
rainfall, groundwater level) that are 
assumed to be precursors to trig-
gering landslides or reactivations. 
When values for these indicators ex-
ceed predefined thresholds, alarms 
are transmitted directly to a chain of 
people in charge of  deciding the lev-
el of  warning and/or emergency that 
must be transmitted to the relevant 
stakeholders, following a predefined 
process (Figure 3.27). In some cases, 
warnings can also be automatically 
transmitted. Usually, one to five alert 
levels are used (Blikra, 2008; Intrieri 
et al., 2013): the highest level may lead 
to emergency warnings to the popula-
tion, evacuations or the use of  sirens 
and loudspeaker messages in several 
languages to force people to move to 
a safer place, as in the case of  tsuna-
mis induced by landslides. 

An EWS needs to be set up with spe-
cific requirements. First, the potential 
impacts must be defined based on a 
risk analysis informed by hazard map-
ping, including the impact of  global 
changes (Corominas et al., 2014). In 
addition, the causes and triggers of 
disasters must be thoroughly analysed 
and the development of  local coping 
capacities must be included (Dash 
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Landslide types determine, first, if  the 
appropriate EWS must be site specific 
or regional (Intrieri et al., 2013), and 
also if  it is dedicated to identifying trig-
gering conditions and/or to detecting 
an ongoing event (Sättele et al., 2016). 
For example, monitoring systems 
of  debris-flow or shallow landslide 
EWSs are usually based on thresholds 
of  rainfall amount over a period of 
time. These thresholds are based on 
rainfall intensity-duration, cumulat-
ed event rainfall-duration (Guzzetti 
et al., 2008), or antecedent precipita-
tion (including snow depth) measures 
and soil moisture (Baum and Godt, 
2010; Jakob et al., 2012). An extended 
monitoring of  those indicators usual-
ly makes it possible, therefore, to set 
regional alarms. Landslide types also 
constrain the maximum lead time or 
time of  reaction after the alarm trans-

mission (Sättele et al., 2016). In some 
specific cases, debris-flow catchments 
are equipped with monitoring sys-
tems such as ultrasonic and seismic 
sensors that detect the debris-flow 
movements (Marchi et al., 2002) and 
automatically send a warning message 
to shorten the reaction time as much 
as possible.

For site-specific systems, displace-
ments measured by different sensors 
and pore water pressure and/or pre-
cipitation are usually used (Michoud 
et al., 2013). Various sensors can be 
set to monitor displacements, includ-
ing extensometers (cable or laser) and 
crackmeters that measure the distanc-
es between two points, and total sta-
tions that are also used to provide dis-
tances and 3D positions using targets 
positioned on site. Moreover, GPSs 

and Gladwin, 2007).

The number of  EWSs dedicated to 
landslides has greatly increased since 
the beginning of  the 21st century be-
cause of  the progress made in elec-
tronics, communication and com-
puter programs for monitoring and 
imaging. In addition, the innovations 
in satellite technologies and ground 
remote sensing have greatly im-
proved the capacity of  remote imag-
ing measurements versus in situ point 
measurements (Tofani et al., 2013). 
Implementing an EWS depends on 
the context, namely (1) the type of 
landslide (Hungr et al., 2014), (2) the 
disaster scenarios considered, (3) the 
degree of  awareness of  the stakehold-
ers, including populations, and (4) the 
allocated resources (e.g. budgetary, 
human).

(A) Illustration of the components of a modern EWS that does not show the energy sources and the two or 
three levels of redundancy. (B) Flow chart of the activities of the implementation and operation of an EWS 
(modified from Intrieri et al., 2012). The blue box in (b) indicates the action linked to the monitoring system.
Source: courtesy of authors
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are nowadays widely used, which can 
give the real 3D position of  a point 
(Gili et al., 2000). All the above tech-
niques usually provide data only at 
specific point locations; thus, several 
of  them must often be set up in a net-
work to monitor areal deformations. 
Inclinometers give deformations at 
depth along boreholes, providing es-
sential data on the changes in depth 
of  landslide behaviour (Blikra, 2008). 
For the last few years, ground-based 
interferometric radar (GB-InSAR) 
has been used for the most critical 
landslides (Casagli et al., 2010; Blikra, 
2012; Rouyet et al., 2016). It provides 
a map of  the distance changes, from 
the GB-InSAR to the landslide sur-
face, at a millimetre scale and with 
a time resolution of  a few minutes. 
Satellite InSAR images are also used 
to monitor long-term displacement 
trends, with results being strongly 
dependent on the type of  treatment. 
In optimal cases, the time resolution 
is about 6 days, with millimetre pre-
cision and metre spatial resolution 
(Berger et al., 2012). Finally, as land-
slides react to water infiltration, many 
instruments are dedicated to monitor 
water: rain gauges, piezometers, ther-
mometers, barometers, moisture con-
tent sensors and other meteorological 
data. Pore water pressure changes 
monitored with piezometers usually 
have a good correlation with slope 
movements (Michoud et al., 2013).

Behind the implementation of  the 
monitoring part of  EWSs is the un-
derstanding of  the landslide mech-
anisms, that is, the identification of 
the main parameters controlling the 
movements of  the landslide (Intrieri 
et al., 2012 and 2013). For this pur-
pose, the design of  a landslide con-
ceptual model (LCM) is fundamental, 

since it will guide the type and the lo-
cation of  the sensors to install, and it 
is required to forecast landslide failure 
scenarios. The updating of  an LCM 
must be continual during the whole 
life of  an EWS. In addition, landslide 
failures may trigger other hazardous 
events in a cascade effect, such as 
tsunamis or dam breaks, that have to 
be considered in the EWS. The rea-
sons why an EWS is implemented are 
either the identification of  an unac-
ceptable risk level or an increase in, or 
abnormal, landslide activity. Although 
the LMC implementation process 
provides reasons to fix appropriate 
sensors that will monitor the most 
significant failure initiation indicators, 
there are usually many practical con-
straints, such as topography, access, 
visibility and available resources.

Landslide monitoring 
and EWSs are tools to 
forecast the potential 

occurrence of disasters, 
thus contributing to 

the implementation of 
effective disaster risk-

reduction strategies.

Ideally, the first data from a monitor-
ing system are used to calibrate and 
fix alarm thresholds usually based on 
displacement velocities or accelera-
tions, or pore water pressure or pre-
cipitations (Cloutier et al., 2015). This 
approach can be supported by failure 
forecast models, such as the Fukuzo-
no method, or by more complex mod-
els (Crosta and Agliardi, 2003; Feder-
ico et al., 2012). The alarm thresholds 

will be used to trigger chains of  ac-
tions that will involve different lev-
els of  people depending on the alert 
level, from technicians and experts to 
officers and politicians who will be 
involved in the assessment of  the ab-
normal situations and who will have 
to make decisions (Froese and More-
no, 2014). This starts from the initial 
check of  the situation and the coher-
ence of  the movement detection of 
the sensors (to avoid false alarm), and 
it can end with an evacuation decision. 
It requires that the monitoring system 
is reliable and is therefore redundant 
in terms of  sensors, communication 
and the stakeholders involved. Pre-de-
fined crisis units must follow decision 
trees to propagate or stop the warn-
ing at each level. This also necessitates 
the requirement to verify constantly 
that the observed landslide behaviour 
is still following the expected course, 
which also implies that the threshold 
and alarm levels can be reassessed by 
the crisis units.

The most important actions that can 
be prompted by EWS high-alert levels 
are evacuations and a rapid set-up of 
protection measures. They imply that 
all stakeholders, including the relevant 
population, must be prepared through 
education and training to implement 
the appropriate response.

In addition, the methods used to emit 
and communicate the emergency sit-
uation must be adapted to the local 
population culture. It must be stressed 
that all stages of  implementation or 
operation must include feedback to 
the other stages. Frequent feedback 
and updates are a key point. They 
must also include the reappraisal of 
the indirect effects (cascade). A final 
problem relates to communication to 
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the general population, which, to be 
effective, needs trust and training and 
must be an efficient means by which 
to communicate and emit warnings 
and actions within the noise of  our 
‘connected world’. It appears that 
only 38 % of  the EWSs have more 
than one communication vector to in-
form the population (Michoud et al., 
2013).

3.5.6
Conclusions and 
key messages

Partnership
Understanding landslide risk requires 
a multihazard approach, based on 
networking and partnership between 
different scientific disciplines, with 
transdisciplinary research that aims 
to identify those socioeconomic and 
institutional elements that require at-
tention in landslide DRM.

Knowledge
Knowledge of  landslide risk is a 
multidisciplinary task that requires 
an understanding of  processes and 
mechanisms, spatial and time predic-
tion, vulnerability assessment, mon-
itoring and modelling of  the effects 
related to environmental and climate 
change.

Innovation
The effectiveness of  landslide risk 
mitigation measures critically depends 
on scientific innovation and techno-
logical development for rapid map-
ping, monitoring and early warning.
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