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SUMMARY
Dear friend,
I am sorry I don’t have the time
to write you a shorter letter.

Landslides play an important role in the evolution of landforms and represent a serious hazard
in many areas of the World. In places, fatalities and economic damage caused by landslides
are larger than those caused by other natural hazards, including earthquakes, volcanic
eruptions and floods. Due to the extraordinary breadth of the spectrum of landslide
phenomena, no single method exists to identify and map landslides, to ascertain landslide
hazards, and to evaluate the associated risk. This work contributes to reduce this shortcoming
by providing the scientific rationale, a common language, and a set of validated tools for the
preparation and the optimal use of landslide maps, landside prediction models, and landslide
forecasts.
I begin the work by critically analysing landslide inventories, including archive,
geomorphological, event and multi-temporal maps. I then present methods to analyse the
information shown in the inventories, including the assessment of landslide density and spatial
persistence, the completeness of the landslide maps, and the estimation of the recurrence of
landslide events, the latter based on historical information obtained from archive or multitemporal inventories. I then use statistical methods to obtain the frequency-size statistics of
landslides, important information for hazard and risk studies. Next, I discuss landslide the
susceptibility zoning and hazard assessment. I examine statistical and physically-based
methods to ascertain landslide susceptibility, and I introduce a scheme for evaluating and
ranking the quality of susceptibility assessments. I then introduce a probabilistic model to
determine landslide hazard, and I test the model at different spatial scales. Next I show how to
determine landslide risk at different scales using a variety of approaches, including
probabilistic methods and heuristic geomorphological investigations. Risk evaluation is the
ultimate goal of landslide studies aimed at reducing the negative effects of landslide hazards.
Lastly, I compare the information content of different landslide cartographic products,
including maps, models and forecasts, and I introduce the idea of a landslide protocol, a set of
regulations established to link terrain domains shown on the different landslide maps to proper
land use rules.
I conclude the work by proposing recommendations for the production and optimal use of
various landslide cartographic products. The recommendations and most of the results shown
in this work are the results of landslide hazard research conducted in central and northern
Italy. However, the lessons learned in these areas are general and applicable to other areas in
Italy and elsewhere.
vii

1. INTRODUCTION
No matter where you are going,
the road is uphill and against the wind.

A “landslide” is the movement of a mass of rock, debris, or earth down a slope, under the
influence of gravity (Nemčok et al., 1972; Varnes, 1978; Hutchinson, 1988; WP/WLI, 1990;
Cruden, 1991; Cruden and Varnes, 1996). Different phenomena cause landslides, including
intense or prolonged rainfall, earthquakes, rapid snow melting, and a variety of human
activities. Landslides can involve flowing, sliding, toppling or falling movements, and many
landslides exhibit a combination of two or more types of movements (Varnes, 1978; Crozier,
1986; Hutchinson, 1988; Cruden and Varnes, 1996; Dikau et al., 1996).
The range of landslide phenomena is extremely large, making mass movements one of the
most diversified and complex natural hazard (Figure 1.1). Landslides have been recognized in
all continents, in the seas and in the oceans. On Earth, the area of a landslide spans nine orders
of magnitude, from a small soil slide involving a few square meters to large submarine
landslides covering several hundreds of square kilometres of land and sea floor. The volume of
mass movements spans sixteen orders of magnitude, from a single cobble falling from a rock
cliff to gigantic submarine slides. Landslide velocity extends at least over fourteen orders of
magnitude, from creeping failures moving at millimetres per year (or even less) to rock
avalanches travelling at hundreds of kilometres per hour. Mass movements can occur
singularly or in groups of up to several thousands. Multiple landslides occur almost
simultaneously when slopes are shaken by an earthquake or over a period of hours or days
when failures are triggered by intense or prolonged rainfall. Rapid snow melting can trigger
slope failures several days after the onset of the triggering meteorological event. An individual
landslide-triggering event (e.g., intense or prolonged rainfall, earthquake, snow melting) can
involve a single slope or a group of slopes extending for a few hectares, or can affect
thousands of square kilometres spanning major physiographic and climatic regions. Total
landslide area produced by an individual triggering event ranges from a few tens of square
meters to hundreds of square kilometres. The lifetime of a single mass movement ranges from
a few seconds in the case of individual rock falls, to several hundreds and possibly thousands
of years in the case of large dormant landslides.
The extraordinary breadth of the spectrum of landslide phenomena makes it difficult – if not
impossible – to define a single methodology to identify and map landslides, to ascertain
landslide hazards, and to evaluate the associated risk. The experience gained in experiments
and surveys carried out by geomorphologists and engineering geologists in many areas of the
world has shown that different strategies and a combination of different methods and
1
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techniques have to be applied, depending on the type and number of the landslides, the extent
and complexity of the study area, and the available resources. This makes landslide mapping,
landslide susceptibility and hazard assessment, and landslide risk evaluation a unique
challenge for scientists, planners and decision makers.

Figure 1.1 – The large spectrum of landslide phenomena. x-axes show order of magnitude (logarithmic
scale). Landslide length, in metre, landslide area, in square metre, and landslide volume, in cubic
metre, refer to a single slope failure. Landslide velocity is in metre per second. Total number is the
number of landslides triggered by an event. Affected area is the territory affected by the trigging event,
in square metre. Total landslide area is the cumulative landslide area produced by a triggering event, in
square metre. Triggering time is the period of a landslide triggering event, in second. Lifetime is the
lifetime of a landslide, in seconds. Figures in the graph are approximate and for descriptive purposes.

1.1. Significance of the problem
The population of Europe has grown from about 120 millions in 1700 to more than 750
millions in 2000. In the same period, the population of Italy has grown from 13 millions (in
1700), to 57 millions (in 2004) (Figure 1.2). The increase in the population is almost
invariably associated with an intensive – and locally excessive – exploitation of the land,
including development of new settlements, and construction of roads, railways, and other
infrastructures. As an example, from 1950 to 1990 more than 100,000 kilometres of roads
were built in Italy, the same as the total length of roads available in 1865. In the same period,
the number and the extent of the built-up areas have grown substantially. In many areas of
Italy, due to the local physiographical setting, expansion of new settlements and infrastructure
occurred in dangerous or potentially hazardous areas. The growing population and the
expansion of settlements and life-lines over hazardous areas have increased the impact of
landslides in Italy, as in many other industrialized and developing countries.
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Figure 1.2 – Historical variation of the population in Europe (left) and in Italy (right).

Despite the physical (natural) phenomena being the same, the approaches to cope with
landslides and their associated hazards and risk vary substantially in industrialized and
developing countries. In industrialized countries, the extent and complexity of the problem and
a generalized shortage of economic resources hampers systematic, long term investments in
structural measures to substantially reduce the risk posed by natural hazards (Plattner, 2005).
For landslides the problem is especially difficult (Brabb and Harrod, 1989; Brabb, 1991).
Individual remedial measures can be very expensive, and most commonly mitigate the risk
only in limited areas, often a single slope or a portion of a slope, making it economically
impossible to lessen the hazards over large areas (i.e., an entire region) using structural
(engineering) approaches. In developing countries societal and economic problems are often
so large and serious that little attention is posed to the negative effects of natural hazards in
general, and of landslides in particular. In these countries, the limited available resources are –
ate best – invested primarily to improve health and education or to promote the economy, and
little remains available to mitigate the catastrophic effects of natural hazards, including slope
failures.
In many places the new issue seems to be the implementation of warning systems, and the
adoption of new regulations for land utilisation aimed at minimising the loss of lives and
property without investing in long-term, costly projects of ground stabilisation. In this
framework, landslide hazard assessment and risk evaluation are particularly relevant, and pose
a difficult challenge for scientists, civil defence managers, planners, land developers, policy
and decision makers, and concerned citizens. Design and implementation of efficient and
sustainable planning and land-use policies pose increasingly complex problems. These
problems are different from the traditional problems of both pure and applied science. As
regards to landslide hazard assessment and risk evaluation, on one side geomorphology is
unable to provide a well-founded theory, and on the other side environmental issues and policy
decisions challenge geomorphologists with very difficult questions.
Due to the large spectrum of landslide phenomena (Figure 1.1), to uncertainties in data
acquisition and handling and in model selection and calibration, and to the complexity and
vulnerability of modern societies, landslide mapping, landslide susceptibility zoning, landslide
3
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hazard assessment, and landslide risk evaluation appear out of the reach of the traditional
puzzle-solving scientific approach, based on controlled experiments and on a generalised
consensus among experts. Solutions to these challenging problems may come from a new
scientific practice capable to cope with large uncertainties, varying expert judgements, and
societal issues raised by hazard assessments and risk evaluations (Guzzetti et al., 1999a).
In this context, increasing efforts are needed to make methods for landslide mapping, for
landslide susceptibility zoning and hazard assessment and for risk determination, better
documented and more reproducible. In one word: to make it more “scientific”. Additional
efforts are needed to transfer the scientific information on landslides and the associated
hazards and risk into planning regulations, building codes and civil defence plans.

1.2. Ambition of the work
In a paper published in 1991 entitled “The World Landslide Problem”, Earl E. Brabb, a
pioneer in landslide mapping and in the application of landslide maps to planning and policy
making, wrote:
(…) Landsliding is a worldwide problem that probably results in thousands of
deaths and tens of billions of dollars of damage each year. Much of this loss
would be avoidable if the problems were recognized early, but less than one
percent of the world has landslide-inventory maps that show where landslides
have been a problem in the past, and even smaller areas have landslidesusceptibility maps that show the severity of landslide problems in terms decision
makers understand. Landslides are generally more manageable and predictable
than earthquakes, volcanic eruptions, and some storms, but only a few countries
have taken advantage of this knowledge to reduce landslide hazards.
Landsliding is likely to become more important to decision makers in the future as
more people move into urban areas in mountain environments and as the
interaction between deforestation, soil erosion, stream-habitat destruction, and
landsliding becomes more apparent. (…)
Fifteen years later the situation has not changed significantly. Review of the literature (§ 13)
indicates that despite the many published examples and the efforts of experts in different
fields, particularly in the realms of geomorphology and engineering geology, consensus
amongst scientists and professionals remains poor (or is even inexistent) on several aspects of
landslide hazard assessment and risk evaluation.
Consensus lacks in particular on: (i) how to evaluate the quality and completeness of landslide
inventory maps, (ii) how to obtain reliable estimates of landslide susceptibility, and how to test
the quality and reliability of the obtained susceptibility estimates, (iii) how to define landslide
hazard in a way that is useful to the end users, and (iv) what methods and data to use to
successfully determine landslide risk. Further, experts quite often do not agree on: (i) the
reliability and even the feasibility of landslide inventory maps over large regions, extending
for thousands of square kilometres across physiographical boundaries, (ii) the possibility of
producing reliable zonings of landslide susceptibility for large areas based on verifiable
methods, (iii) the possibility of obtaining probabilistic landslide hazard assessments of
practical use, and (iv) the opportunity to determine quantitative, empirical, and heuristic levels
of landslide risk at different temporal and spatial scales. Consensus and standards are also
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lacking on how to display, use, and disseminate the results of landslide investigations,
including the several types of landslide maps and models. Confusion is added by the unclear,
vague or – often – incorrect use of the technical language. As an example, as noted by
Guzzetti et al. (1999a), the same term “landslide” is often used to describe the process, the
movement, and the deposit. Similarly, many authors confuse the terms “susceptibility” and
“hazard”, making it difficult to understand and compare the results of their work.
It is the ambition of this work to contribute to reduce some of these shortcomings by
providing the scientific rationale, a common language, and a set of validated tools, for the
preparation and the optimal use of landslide maps, of landside models, and of landslide
forecasts.
More specifically, in this work I intend to address the following questions:
(1) Can landslide maps be consistently prepared for large areas, extending for thousands of
square kilometres across major physiographical boundaries?
(2) Can we determine the quality, reliability and completeness of landslide maps?
(3) Can temporal information on landslides and their spatial evolution be obtained reliably for
small and large areas? Can the temporal information be shown on maps, and exploited to
determine landslide hazard and risk?
(4) How can we reliably estimate the statistics of landslide size? Can we use the obtained
statistics do determine landslide hazard and risk?
(5) Can we zone a large territory according to its propensity to generate new or reactivated
landslides, using verifiable methods? Can we measure the error associated with spatial
landslide forecasts?
(6) Can we determine and rank the hazards posed by landslides using probabilistic forecasts?
Can we measure the reliability of these forecasts?
(7) Can we contribute to mitigate landslide risk by establishing reliable methods to determine
the risk?
(8) How can we best exploit available and innovative landslide maps, models and predictions,
to mitigate landslide risk?
(9) Can we define a unified framework to determine landslide hazards and to evaluate the
associated risk at different temporal and spatial scales?
The listed questions match ideas to prove and problems to solve. To look for satisfactory and
feasible solutions to the proposed problems, I intend to: (i) establish the rationale on which to
base landslide hazard assessment and risk evaluation, (ii) provide a set of mathematical
models and tested techniques and methods capable of producing the desired landslide products
and predictions, (iii) define appropriate standards of quality and verification procedures for
different types of landslide maps and models, and (iv) offer relevant examples of various
landslide cartographic products, obtained adopting the proposed models and methods.
I also intend to critically analyze traditional and innovative methods to map landslides, to zone
a territory based on its susceptibility to mass movements, to determine and predict landslide
hazards, and to evaluate landslide risk, at different geographical and temporal scales and in
different physiographical environments.
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As it will become clear later, the conception and the production of maps is a fundamental part
of this work. This is not surprising, as maps are the tools that earth scientists prefer in order to
portray geological information and convey it to other scientists, decision-makers, and the
public. In the realm of natural hazards, maps are prepared to show where catastrophes have
happened or where they are expected to occur, and can be used to divide up land areas into
zones of different hazard and to show risk levels. Cartography is a crucial aspect of landslide
hazard assessment and risk evaluation, and landslides are no exception.
In this context, landslide cartography must not be intended only as a set of drafting methods
and computer tools available to portray landslide-related information on a map or on the
screen of a computer. Landslide Cartography is an ensemble of theories, paradigms, models,
methods, and techniques to obtain, analyze and generate relevant information on landslides,
and to convey it to the end user, i.e., another scientist, a decision or policy maker, or the
interested citizens. An ambition of this work is to contribute to base landslide cartography on a
well established rationale. This will not prevent using empirical or heuristic approaches. To
the opposite, I will show that the combination of various sources of information analyzed with
a variety of methods and techniques provides the most advanced and – hopefully – the most
useful response to many landslide hazard and risk problems. I also intend to show how to best
exploit geomorphological reasoning, including geomorphological information, theories,
methods and techniques, to better map landslides, to determine their hazards, and to evaluate
the associated risk.
Ideally, a single (“unified”) method for investigating landslides and for the production of
relevant landslide cartographic products is desirable. A single method would guarantee
consistency and would help comparing products and results obtained in different areas, by
different investigators, and at different times. Unfortunately, due to the extraordinary breadth
of the spectrum of landslide phenomena (Figure 1.1), such a unified method is difficult to
obtain. Instead, I propose that a common set of tools, which I call a “toolbox for landslide
cartography”, can be used to map landslides, to determine the spatial persistence and the
temporal recurrence of landslides in an area, to zone a territory on the expected susceptibility
to mass movements, to determine and predict landslide hazards, and to evaluate the risk posed
by slope failures at different spatial and temporal scales. Like in other scientific disciplines
where science coexists with its day-to-day application (e.g., in the medical science and
practice), a single tool (model, technique or method) cannot solve all problems, always and
everywhere. Instead, a large and efficient set of tools proves more effective. In the framework
of this work, the toolbox consists of an ensemble of scientific knowledge, case studies, reliable
statistics, tested models, proven techniques, and verified procedures.
In the following chapters, I will show examples of landslide maps and models at scales
ranging from the local (i.e., large scale) to the regional (i.e., small scale). In general, the
models and methods that I will propose and discuss, and the resulting landslide products, are
more suited to solve landslide problems at the basin scale, i.e., for areas ranging from a few
tens to a several hundreds of square kilometres. However, I will make examples of landslide
inventory maps, of hazard assessments, and of risk evaluations completed at the national
(synoptic) scale, and at the local (large) scale. In this work, I will not enter the vast realm of
the investigations at the site scale, i.e., for individual slopes; a problem more suited to
engineering geologists and geotechnical engineers interested in monitoring single slope
failures, and in devising the appropriate site specific remedial measurements. Still, I will show
that some of the proposed methods (e.g., multi-temporal landslide mapping, § 3.3.4, or
geomorphological landslide risk assessment, § 8.4) can be successfully applied at the site
6
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scale. In combination with other site-specific approaches and investigations, these methods
can help understanding the local instability conditions and the evolution of an individual slope,
or of a group of slopes.
At the end of the work, I will propose recommendations for the production and optimal use of
landslide cartographic products. Much of what I present and discuss, including many of the
examples and the final recommendations, are based on the results of landslide studies carried
out in the central and the northern Apennines of Italy, and mostly in the Umbria Region.
However, I believe that the selected examples are general, and that the lessons learned in the
chosen test areas are applicable to other areas, in Italy and elsewhere.

1.3. Outline of the work
Different strategies and various layouts can be adopted for writing a thesis. I have decided not
to adopt a traditional layout where the explanation of the methods follows the description of
the available data, and it is followed by the analysis of the data, and the latter by the discussion
of the results obtained. Given the complexity of the problem, and the lack of a unified
framework to address landslide hazard and risk problems, I have decided for a different,
hopefully equally interesting, structure based on the sequential discussion of landslide
cartographic problems of increasing complexity, from landslide inventory making to landslide
risk evaluation. This is justified by the following considerations. Although it is common
understanding that risk evaluation is the ultimate goal a landslide investigation – at least in the
context of this work – not all landside investigations are aimed at determining landslide risk.
Landslide inventory maps can be used to determine susceptibility, hazard, and risk, but exist as
independent (standalone) products, with several useful applications. Also, inspection of the
literature (§ 13) reveals that researchers involved in the preparation of landslide maps and
catalogues may not be equally interested in landslide hazard assessments or risk evaluations.
Conversely, investigators of landslide risk problems are not inevitably interested in the
methods and techniques used to prepare, compile, or verify a landslide inventory or
susceptibility map. Thus, although a clear and logical chain links landslide inventories to
landslide susceptibility maps and hazard models, and to landslide risk evaluations, the
different landslide products pose different problems and – to some extent – are aimed at
difference audiences.
Based on these considerations, I have found convenient to organize the discussion based on
four broad categories of landslide products, namely: (i) inventory maps and their analysis, (ii)
susceptibility zonings and their verifications, (iii) hazard assessments, and (iv) risk
evaluations. Whithin this framework, the thesis is organized in thirteen chapters and six
appendixes. Each chapter addresses a specific topic, or a group of related arguments. In each
of the main chapters, I first set the scene by introducing the problem and by reviewing the
relevant literature. Next, I define the appropriate concepts and the associated language, and I
discuss the geomorphological framework and – where applicable – I introduce an appropriate
mathematical formulation. To substantiate the discussion, I then present several examples of
the different types of discussed landslide products. The latter is done to show that such
products can really be prepared and are not only intellectual constructs. Where applicable, at
the end of a chapter I list the main results obtained that contribute to answering the question
listed in § 1.2.
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Chapter 1
Following this Introduction (§ 1), in Chapter 2, I describe the study areas where the research
discussed in the next chapters was conducted. For each study area, I provide general
information on the type and abundance of landslides and on the local setting, including
geography, morphology, lithology, structure, climate, and other physiographic characteristics.
For some of the areas, I provide information on the type and extent of the damage caused by
the landslides, and a description of the topographic, environmental and thematic data used to
perform landslide susceptibility zonings, landslide hazard assessments, and landslide risk
evaluations.
In Chapter 3, I address Question # 1, by examining various types of landslide inventories,
including archive, geomorphological, event and multi-temporal landslide maps. In this
chapter, I present the rationale for the production of a landslide inventory map, I briefly
outline the criteria used to recognize and map landslides from stereoscopic aerial photographs,
and I discuss some of the key limitations of the different types of landslide inventories,
including the complex issue of determining the quality of a landslide inventory map (Question
# 2). I substantiate the discussion with examples of different types of landslide inventories at
various scales, from the local to the national.
In Chapter 4, I discuss some of the most direct applications and preliminary analyses of
landslide inventories, including the comparison of inventory maps prepared with different
techniques, the assessment of the abundance and the (spatial) persistence of slope failures, and
the estimate of the (temporal) frequency of occurrence of landslide events (Question # 3).
In Chapter 5, I show how to obtain frequency-area and frequency-volume statistics of
landslides from empirical data obtained from landslide inventories (Question # 4). I then
discuss possible applications of the obtained statistics of landslide size, with examples from
the Umbria region.
In Chapter 6, I discuss landslide susceptibility zoning (Question # 5). I start by reviewing the
principal methods proposed in the literature, including an analysis of the types of mapping
units most commonly adopted, and of the relationships between the selected mapping units
and the adopted susceptibility methods. I then introduce a probabilistic model for the
assessment of landslide susceptibility. To discuss problems in the application of the proposed
model and limitations of the obtained results, I present a landslide susceptibility assessment
prepared for the Upper Tiber River basin, which extends for more than 4000 square kilometres
in central Italy. Next, I examine the problem of the verification of the performance and
prediction skills of a landslide susceptibility zoning. To substantiate the discussion, I illustrate
the results of a comprehensive verification of a landslide susceptibility model prepared for a
test area in Umbria.
In Chapter 7, I discuss the assessment of landslide hazard (Question # 6). I first examine a
widely accepted definition of landslide hazard which I contributed to propose. I then introduce
a probabilistic model for landslide hazard assessment that fulfils the examined definition, and I
discuss problems with its application. Next, I show three examples of application of the
proposed probability model for different types of landslides and at different scales, from the
basin to the national scale. In the first example, I illustrate an attempt to determine landslide
hazard in the Staffora River basin, a catchment in the northern Italian Apennines. For the
purpose, I exploit a multi-temporal landslide inventory and thematic data on geoenvironmental factors associated with landslides. In the second example, I describe an attempt
to determine landslide hazard in Italy, based on synoptic information on geology, soil types
and morphology, and an archive inventory of historical landslide events. In the last example, I
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examine the application of a physically-based computer model to simulate rock falls to
determine rock fall hazard in a mountain area in Umbria.
In Chapter 8, I discuss landslide risk (Question # 7). After a brief review of the relevant
literature, I present concepts and definitions useful for landslide risk assessment, including a
discussion of the differences between probabilistic (quantitative) and heuristic (qualitative)
approaches. I then make examples of risk evaluations, including: (i) the determination of
societal and individual levels of landslide risk in Italy; (ii) the assessment of the geographical
distribution of landslide risk to the population in Italy; (iii) the determination of rock fall risk
to vehicles and pedestrians along mountain roads in Umbria; (iv) the geomorphological
determination of landslide risk levels at selected sites in Umbria; (v) the assessment of the type
and extent of landslide damage in Umbria based on the analysis of a catalogue of landslides
and their consequences; and (vi) an effort to establish the location and extent of sites of
possible landslide impact on the population, the agriculture, the built-up environment, and the
transportation network in Umbria.
In Chapter 9, based on the assumption that the value of a map refers to its information content,
which depends on the type of data shown, their quality and the extent to which the information
is new and essential, I compare the information content of different landslide maps, including
various types of inventory maps, density maps, susceptibility maps, hazard maps, and
landslide risk evaluations. Next, considering that the goal of landslide maps and models is
helping planners and decision makers to better manage landslide problems and to mitigate
landslide risk, I introduce and discuss the concept of a “landslide protocol”, i.e., a set of
regulations established to link terrain domains shown on the different landslide maps to proper
land use rules (Question # 8).
In Chapter 10, I draw the conclusions and I propose general recommendations for the
preparation and use of landslide inventory maps, of landslide susceptibility and hazard
assessments, and of landslide risk evaluations. I draw the conclusions on what I have
presented and discussed in the other chapters, and I propose the recommendations based
mostly on the experience gained in landslide studies carried out in the central and the northern
Apennines of Italy.
Chapter 11 is dedicated to the acknowledgments. Chapter 12 includes a glossary of the
principal terms used in this work. Chapter 13 contains an extensive list of references on
landslide cartography and the related topics. Lastly, four appendixes list: (i) the variables,
mathematical symbols, and equations used in the text, (ii) the figure and table captions, (iii)
the acronyms used in the text, (iv) the main characteristics of the six study areas selected to
perform the experiments, (v) a short curriculum vitae et studiorium, and (vi) a list of the
accompanying publications.

1.4. Specific personal contributions
This thesis is – at least partially – a synthesis of the results of 20 years of work in landslide
cartography (i.e., landslide mapping, landslide map analysis, landslide susceptibility zoning,
landslide hazard assessment, and landslide risk evaluation). Most of the work discussed in the
thesis was conducted at the Research Institute for Geo-Hydrological Protection (Instituto di
Ricerca per la Protezione Idrogeologica, IRPI) of the Italian National Research Council
(Consiglio Nazionale delle Ricerche, CNR), in the framework of National, European and U.S.
funded projects.
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In the period, I have been involved in a number of projects aimed at mapping landslides and at
determining landslide hazards and risk, at different scales, from the local to the national, and
in different physiographical environments. Inevitably, the work conducted during such a long
period and on several different topics and areas, is to some extent the result of team work.
However, specific contributions can be singled out. In the following, I list what I consider my
main contributions to the fields of research of interest to the thesis. For each heading, I provide
the most relevant references.
(a) I prepared a small scale (1:100,000) landslide inventory map for New Mexico, which
extends for more than 310,000 square kilometres in the south-western United States
(Guzzetti and Brabb, 19887; Cardinali et al., 1990). Based on this unique product,
published by the U.S. Geological Survey at 1:500,000 scale, Brabb (1993) proposed a
small-scale world-wide landslide inventory, as a contribution to the International Decade
for Natural Disasters Reduction (IDNDR).
(b) I prepared regional landslide maps, published at 1:100,000 scale, for the Umbria and
Marche Regions of Central Italy, for a total area of 18,000 square kilometres (Guzzetti
and Cardinali, 1989; 1990; Antonini et al., 1993). Based on the collected information and
on targeted field work, I demonstrated the influence of structural setting and lithology on
landslide type and patterns in the Umbria-Marche Apennines (Guzzetti et al., 1996). I
have further produced detailed landslide inventory maps for selected areas in the Umbria
and Marche Regions of Central Italy (Carrara et al., 1991, 1995; Barchi et al., 1993;
Cardinali et al., 1994; 2005) and in the Lombardy Region of Northern Italy (Guzzetti et
al., 1992; Antonini et al., 2000; Guzzetti et al., 2005a). I was first to recognize and map
debris flow deposits in the Umbria-Marche Apennines (Guzzetti and Cardinali, 1991,
1992), and to map “sakungen” (i.e., large deep-seated gravitational slope deformations) in
Umbria (Barchi et al., 1993). I used the obtained map to investigate the spatial distribution
of landslides in different morphological and geological environments. I investigated
methods to compare different landslide inventory maps and to establish the factors that
affect the quality of the landslide maps (Carrara et al., 1992; Ardizzone et al., 2002; Galli
et al., 2005).
(c) I produced event inventory maps showing the location, abundance and type of landslides
triggered by various events, including: intense rainfall in the Imperia Province (Guzzetti et
al., 2004a), intense rainfall in the Orvieto area (Cardinali et al., 2005), rapid snow-melting
in central Umbria (Cardinali et al., 2000), and earthquake shaking in the Umbria-Marche
Apennines (Antonini et al., 2002b).
(d) I have conducted experiment on the application of methods, techniques and tools
(including GIS, DBMS and statistical packages) for the assessment of landslide
susceptibility. I was first to show that modern GIS technology coupled with multivariate
statistical analysis could be successfully applied to zone a territory on landslide
susceptibility, given a set of thematic environmental data and an accurate landslide
inventory map (Carrara et al., 1991). I further expanded the research to test the
methodology using different landslide mapping methods, different terrain subdivisions,
and different combinations of thematic explanatory variables (Carrara et al., 1991, 1995;
Guzzetti et al., 1999, 2005a,d). In this framework, I have lead a long term research project
aimed at collecting landslide information and thematic environmental data in the Upper
Tiber River Basin, a catchment that extends for more than 4000 square kilometres in
Central Italy (Cardinali et al., 2001). The project resulted in a landslide susceptibility
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model and map for the entire basin, a unique result given the size and complexity of the
area, and the amount of information treated (Cardinali et al., 2002b). I proposed methods,
a ranking scheme, and acceptance thresholds for determining and ranking the quality of
landslide susceptibility models and maps (Guzzetti et al., 2005d).
(e) I was first to propose a probabilistic model for the determination of landslide hazard at the
basin scale that fulfils a widely accepted definition of landslide hazard, which I
contributed to establish (Guzzetti et al., 1999a). I tested the proposed model (Guzzetti et
al., 2005a,d), showing that all the information needed to complete a probabilistic landslide
hazard assessment can be obtained from the systematic analysis of multiple sets of aerial
photographs of different dates.
(f) I have studied the frequency-size statistics of landslides in different parts of the world. I
was first to prove that for data sets obtained from high quality landslide event inventories,
the “rollover” shown in the density distribution for small landslide areas is real and not an
artefact due to insufficient mapping (Guzzetti et al., 2002). This observation is relevant
for hazard assessments and erosion studies. I proposed a landslide magnitude scale for
landslide-triggering events (Malamud et al., 2004a), and I have studied the relationships
between landslides, earthquakes, and erosion (Malamud et al., 2004b)
(g) I have developed a physically-based, three-dimensional rock fall simulation computer
program capable of producing outputs for small and large areas (up to thousands of square
kilometres) relevant to the determination of rock fall hazard and risk (Guzzetti et al.,
2002a). I have used the computer code to ascertain landslide risk in Umbria (Guzzetti et
al., 2004c) and to define landslide hazard in the Yosemite Valley, California (Guzzetti et
al., 2003b).
(h) I have been involved in various research efforts aimed at determining landslide risk. I
devised a system to assign heuristic levels of landslide risk to elements at risk based on
information obtained from topographical maps and the interpretation of multiple sets of
aerial photographs. The system was successfully tested in 79 towns in Umbria (Cardinali
et al., 2002; Guzzetti, 2004; Reichenbach et al., 2005). I investigated the type and extent
of damage produced by mass movements in Umbria, and I identified the locations of
possible future landslide impact on the population, the built-up areas, and the
infrastructure (Guzzetti et al., 2003). I have used catalogues of landslide and flood events
with human consequences in Italy – which I compiled – to determine the levels of
individual and societal landslide and flood risk to the population of Italy (Guzzetti, 2000;
Guzzetti et al., 2005b,c).
(i) I lead a nation-wide project aimed at collecting, organizing, and analysing historical
information on landslide and flood events in Italy. The project resulted in the largest
digital database of information on landslides in Italy (Guzzetti et al., 1994, Guzzetti and
Tonelli, 2004). I have used the information stored in this database to ascertain landslide
hazards and risk at the national scale and, in combination with historical river discharge
records, to establish hydrological thresholds for the occurrence of mass movements in
Central Italy (Reichenbach et al., 1998a).
(j) I have critically analysed and compared the information content of different landslide
cartographic products, including inventory, density and susceptibility maps. Based on the
different type of information shown on the maps, I have proposed the concept of a
“landslide protocol” to link terrain domains to land use regulations (Guzzetti et al., 2000).
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2. STUDY AREAS
Ground truth is important.
It shows that your model is wrong.
Select data that
fit your model well.

In this chapter, I describe the study areas where the research illustrated and discussed in the
following chapters was conducted. For each area, I provide general information on the type
and abundance of landslides and on the local setting, including morphology, lithology,
structure, climate, and other physiographic characteristics. For some of the areas, I give
information on the type and extent of damage caused by the slope failures. Where appropriate,
I provide a brief description of the topographic, environmental and thematic data used to
perform landslide susceptibility zonings, landslide hazard assessments, and landslide risk
evaluations.
Figure 2.1 shows the location of the six selected study areas, and Appendix 4 summarizes the
main characteristics of the selected areas, and the type of research conducted in each area. The
first of the select areas consists of the entire country of Italy. The second study area is the
Umbria Region. Of the remaining areas, three are located in Umbria and one in the northern
Apennines.
I have selected the study areas because of: (i) their significance for the scope of this work, (ii)
the quality, completeness or abundance of the available landslide and thematic data, and (iii)
exclusive data are available in some of the selected areas. Some of the selected areas are
placed inside other study areas. As an example, the Collazzone area, south of Perugia, is
located in Umbria, which is in central Italy. Selection of nested study areas allows for
performing experiments and comparing results at different scales for the same geographic or
physiographic region.
The geographical extent of the selected areas ranges from a few tens of square kilometres
(e.g., Collazzone, § 2.4) to more than 300,000 square kilometres for Italy (§ 2.1). As a result of
the large spectrum in the geographical extent of the selected areas, the scale of the
investigations completed in the different study areas varies significantly, from the local scale
(e.g., 1:5000 to 1:10,000 scale) to the national, synoptic scale (≥ 1:1,000,000 scale). The
accuracy and precision of the available information and of the results obtained vary
accordingly. I hope this will help to show how the same landslide problem (e.g., landslide
mapping, landslide hazard assessment, or landslide risk evaluation) can be approached and –
hopefully – solved at different scales.
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Figure 2.1 – Location of the study areas in Italy.

2.1. Italy
Landslides are abundant and frequent in Italy. Historical information describing landslides in
Italy dates back to the Roman Age. Pliny the Elder reported landslides triggered by a large
earthquake occurred during the Battle of Trasimeno, in the second Punic War in 264 BC. The
societal and economic impact of landslides is high in Italy (Figure 2.2, § 8.3). In the 20th
century, a period for which the information is available, the toll amounts to at least 7494
casualties, including 5190 deaths, 88 missing persons and 2216 injured people, and more than
160,000 homeless and evacuated people (Guzzetti et al., 2005c).
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Figure 2.2 – Examples of landslides and landslide damage in Italy. (A) The inundation produced by
the Vajont rock slide of 9 Ocotber 1963 on the village of Longarone (source: ANSA, Italy). (B) The
village of Longarone before the inundation. (C) The village of Longarone after the catastrophic
inundation. (D) Landslide at Valderchia, Umbria, triggered by heavy rainfall on 6 January 1997. The
landslide destroyed 2 houses. (E) and (F) Soil slides and debris flows triggered by intense rainfall in
November 1994 in Piedoment, Northern Italy (source: Casale and Margottini, 1996). (G) The Val Pola
rock avalanche, in the Sondrio Province, triggered by heavy rainfall on 28 July 1985 (source: Crosta et
al., 2004). (H) and (I) Rainfall induced landslides and typical landslide damage in Umbria.
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In Italy, regional landslide events can be extremely destructive. The July 1987 catastrophic
rainfall in the Southern Alps caused 61 fatalities and produced damage estimated at € 1.2
billion (Guzzetti et al., 1992; 2005c). Single landslides were also extremely costly. The Vajont
slide of 9 October 1963 claimed 1917 lives and cost more than € 85 million; the Ancona
landslide of 13 December 1982 caused damage estimated at € 1.3 billion; and the damage
caused by the Val Pola rock avalanche of 28 July 1987 (§ 2.2.G) was estimated at € 800
million (Catenacci 1992, Alexander 1989). Figure 2.3 summarises the economic damage
produced by individual and multiple landslides and flooding events in Italy in the period from
1910 to 2000 (Guzzetti and Tonelli, 2004). Guzzetti et al. (2005c) list 50 major landslide
disasters that occurred in Italy from AD 1419 to 2002, and which resulted in 50 or more deaths
or missing persons.

Figure 2.3 – Economic damage produced by individual landslides and flooding events in Italy in the
period from 1910 to 2000. Green bars are single landslide events. Blue bars are multiple landslides and
flooding events. Modified after Guzzetti and Tonelli (2004).

A few small scale, national datasets were available for this work. These datasets include: (i) a
90 m × 90 m DEM acquired by the Shuttle Radar Topography Mission (SRTM) in February of
2000 (Figure 2.4.A); (ii) a synoptic soil map obtained through the digitization of the Soil Map
of Italy published at 1:1,000,000 scale by Mancini in 1966 (Figure 2.4.B); and (iii) a synoptic
lithological map obtained through the digitization of the Geological Map of Italy published by
Compagnoni and others in five sheets at 1:500,000 scale in the period from 1976 to 1983
(Figure 2.4.C). For statistical analyses (e.g., § 7.4), the large number of rock (145) and soil
(34) units shown in the lithological and the soil maps, were grouped into 20 lithological types,
8 classes of soil thickness, and 11 classes of soil parent material.
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Figure 2.4 – Thematic data available for Italy and used in this work. (A) 90 m × 90 m Digital
Elevation Model (DEM) acquired by the Shuttle Radar Topography Mission (SRTM) in February of
2000. (B) Soil map of Italy edited by Mancini et al. (1966). The original map, at 1:1,000,000 scale,
shows 34 soil types. (C) Geological map of Italy published by Compagnoni et al. in the period from
1976 to 1983. The original map, at 1:500,000 scale, shows 145 geological units. (D) Map showing
historical landslides (green dots) and inundations (red dots) in Italy (modified after Reichenbach et al.,
1998b), available at http://sicimaps.irpi.cnr.it/website/sici/sici_start.htm.
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For Italy, an inventory of historical information on landslides (and floods) was compiled by
the National Group of Geo-Hydrological Protection (GNDCI), of the Italian National Research
Council (CNR). Guzzetti et al. (1994) described the inventory and showed preliminary
applications of the historical information. Guzzetti et al. (1996a) and Reichenbach et al.
(1998b) published synoptic maps, at 1:1,200,000 scale, showing the location and abundance of
the inventoried historical landslide and flood events in Italy (Figure 2.4.D). Reichenbach et al.
(1998a) used the historical information and discharge records at several gauging stations along
the Tiber River, to determine regional hydrological thresholds for the occurrence of landslides
and inundation events in the Tiber River basin, in central Italy. More recently, Guzzetti and
Tonelli (2004) presented a collection of databases containing historical, geographical, damage,
hydrological, legislation and bibliographical information on landslides and floods in Italy.
In this work, the archive of historical landslide events in Italy is taken as the prototype of an
archive landslide inventory (§ 3.3.1). The archive of historical landslides, in combination with
morphological, hydrological, lithological and soil data available at the national scale (Figure
2.4) will be used to determine landslide hazard in Italy (§ 7.4).
For Italy, information exists on the human consequences of various natural hazards, including
landslides. Guzzetti (2000) compiled the first catalogue of landslides with human
consequences in Italy. Salvati et al. (2003) revised the landslide catalogue and compiled a new
catalogue of floods with human consequences in Italy. Guzzetti et al. (2005b) updated the two
catalogues prepared by Salvati et al. (2003) to cover the period from 91 BC to 2004, and the
period from 1195 to 2004, respectively, and compiled a new catalogue of earthquakes with
human consequences in Italy, and a list of volcanic events that resulted in casualties in Italy.
Details on the sources of information and on the problems encountered in compiling the
catalogues are given in Guzzetti (2000) and Guzzetti et al. (2005b,c).
In this work, the catalogue of landslides with human consequences in Italy will be used to test
methods to evaluate the completeness of archive inventories (§ 4.3.1), and to determine levels
of societal and individual landslide risk in Italy (§ 8.3.1).

2.2. Umbria Region, central Italy
The Umbria Region lays along the Apennines Mountain chain in central Italy, and covers an
area of 8456 square kilometres (Figure 2.5.A). In the Region, the territory is hilly and
mountainous, with large open valleys striking mostly NW-SE, and deep canyons striking NESW. Elevation of the hills and the mountains in the area ranges from 50 m (along the Tiber
River valley) to 2436 m (at Monte Vettore, in the Monti Sibillini range). The area is drained
by the Tiber River, which flows into the Tyrrhenian Sea. The climate is Mediterranean, with
distinct wet and dry seasons. Rainfall occurs mainly from October to December and from
March to May, with cumulative annual values ranging from 700 to more than 1300 mm
(Figure 2.5.B). Snowfall occurs every year in the mountains and about every five years at
lower elevations.
Sedimentary and subordinately volcanic rocks crop out in Umbria. The different rocks and
sediments cropping out in the area can be grouped into four major groups, or lithological
complexes (Guzzetti et al., 1996b) (Figure 2.5.C) namely: (i) carbonate rocks, comprising
layered and massive limestone, cherty limestone and marl, (ii) flysch deposits, comprising
layered sandstone, marl, shale and clay, (iii) volcanic rocks, encompassing lava flows,
ignimbrites and pyroclasitc deposits, and (iv) marine and continetal sediments made up of
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clay, silty clay, fine and coarse sand, gravel and cobbles (Servizio Geologico Nazionale, 1980;
Guzzetti et al., 1996b; Cardinali et al., 2001). Soils in the area reflect the lithological types,
exhibit mostly a xenic moisture regime typical of the Mediterranean climate, and range in
thickness from less than 20 cm where limestone, sandstone or volcanic rocks crop out along
steep slopes, to more than 1.5 m in karst areas and in large open valleys.

Figure 2.5 – Umbria Region, Central Italy. (A) Shaded relief image shows morphology in the region.
(B) Map showing mean annual precipitation (MAP) obtained by interpolating the records of 34 rain
gauges (red triangles) in the period from 1921 to 1950 (source: Servizio Idrografico Nazionale, 1955).
(C) Simplified lithological map, modified after Servizio Geologico d’Italia (1980) and Cardinali et al.
(2001); (1) Recent alluvial deposits, (2) Post-orogenic, marine, lake and continental sediments, (3)
Volcanic rocks, (4) Marly flysch (Marnosa Arenacea Fm.), (5) Sandy flysch (Cervarola Fm.), (6)
Ligurian allocthonous sequence, (7) Carbonate complex (Umbria-Marche stratigraphic sequence). (D)
Geomorphological landslide inventory map prepared by Antonini et al. (2002a) (see § 3.3.2.2), map
available at http://maps.irpi.cnr.it/website/inventario_umbria/umbria_start.htm.

19

Chapter 2
Each lithological complex cropping out in Umbria comprises different rock types varying in
strength from hard to weak and soft rocks (ISRM, 1978; Deer and Miller, 1966; Cancelli and
Casagli, 1995). Hard rocks are layered and massive limestone, cherty limestone, sandstone,
pyroclastic deposits, travertine and conglomerate. Weak rocks are marl, rock-shale
(Morgenstern and Eigenbrod, 1974), sand, silty clay and stiff over-consolidated clay. Soft
rocks are marine and continental clay, silty clay and shale. Rocks are mostly layered and
subordinately structurally complex (Esu, 1977). The latter are made up by a regular
superposition or a chaotic mixture of two or more lithological components (Morgenstern and
Cruden, 1977; D'Elia, 1977; Esu, 1977).
The Umbria region has a complex structural setting resulting from the superposition of two
tectonic phases associated to the formation of the Apennines mountain chain. A compressive
phase of Miocene to early Pliocene age produced large, east-verging thrusts with associated
anticlines, synclines and transcurrent faults, and was followed by an extensional tectonic phase
of Pliocene to Holocene age, which produced chiefly sets of normal faults. The region is
seismically active and has a long history of earthquakes (Boschi et al., 1998). Based on the
available historical record (Boschi et al., 1997), the maximum earthquake intensity in Umbria
ranges from 6 to 11 MCS, and the maximum earthquake local magnitude ranges between 4.7
and 6.7. Some of the historical earthquakes are known to have triggered landslides. The oldest
reported seismically induced landslide in the area is probably a rockslide at Serravalle del
Chienti (in the Marche Region, but close to the Umbria border), triggered by the 30 April 1279
earthquake (Boschi et al., 1998; Antonini et al., 2002b). The most recent seismically induced
landslides occurred in the period from September 1997 to April 1998 as a result of the
Umbria-Marche earthquake sequence (Antonini et al., 2002b; Bozzano et al., 1998; Esposito
et al., 2000).
Due to the lithological, morphological, seismic and climatic setting, landslides are abundant in
Umbria (Felicioni et al., 1994; Guzzetti et al., 1996b, 2003a). Landslide abundance and
pattern vary largely within each lithological complex that is characterised by a prevalent
geomorphological setting and by typical geotechnical and hydrogeological properties
(Guzzetti et al., 1996b). Mass movements occur almost every year in the region in response to
prolonged or intense rainfall (Guzzetti et al., 2003; Cardinali et al., 2005), rapid snow melting
(Cardinali et al., 2005), and earthquake shaking (Antonini et al., 2002b; Bozzano et al., 1998;
Esposito et al., 2000). Landslides in Umbria can be very destructive, and have caused damage
at several sites (Figure 2.6). In the 20th century a total of 29 people died or were missing and
31 people were injured by slope movements in Umbria in a total of 13 harmful events
(Guzzetti et al., 2003; Reichenbach et al., 2005).
Research on slope movements is abundant in Umbria. Landslide inventory maps were
compiled by Guzzetti and Cardinali (1989, 1990) (§ 3.3.2.1), Antonini et al. (1993), Cardinali
et al. (2001) (§ 2.3), and Antonini et al. (2002a) (§ 3.3.2.2). Such studies revealed that
landslides cover about 8% of the territory. Locally, landslide density is much higher,
exceeding 20% (Antonini et al., 2002b; Barchi et al., 1993; Carrara et al., 1991, 1995;
Cardinali et al., 1994; Galli et al., 2005). Geomorphological relationships between landslide
types and pattern, and the morphological, lithological and structural settings were investigated
among others by Guzzetti and Cardinali (1992), Barchi et al. (1993), and Cardinali et al.
(1994), and were summarized by Guzzetti et al. (1996b). Site-specific, geotechnical
investigations on single landslides or landslide sites were conducted at several localities,
mostly in urbanised areas (e.g., Crescenti, 1973; Tonnetti, 1978; Diamanti and Soccodato,
1981; Calabresi and Scarpelli, 1984; Lembo-Fazio et al., 1984; Canuti et al., 1986; Cecere and
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Lembo-Fazio, 1986; Righi et al., 1986; Tommasi et al., 1986; Ribacchi et al., 1988;
Capocecere et al., 1993; Felicioni et al., 1994). Landslide susceptibility assessments have been
completed in test areas and for different landslide types by Carrara et al. (1991, 1995) and by
Guzzetti et al. (1999b, 2003b, 2005d). Historical information on the frequency and recurrence
of failures in Umbria was compiled by the nation-wide project that archived data on landslides
and floods in Italy (Guzzetti et al., 1994; Guzzetti and Tonelli, 2004) (§ 3.3.1.1). This
information was recently summarized by Guzzetti et al. (2003a). A reconnaissance estimate of
the impact of landslides on the population, the transportation network, and the built-up areas in
Umbria was attempted by Guzzetti et al. (2003a). Landslide risk assessments were performed
at selected sites by Cardinali et al. (2002b) and by Reichenbach et al. (2005) (§ 8.4).

Figure 2.6 – Examples of typical landslide damage in Umbria. (A) House destroyed by a deep-seated
slide at Monteverde on December 1982. (B) Road damaged by the Monteverde landslide. (C) Building
damaged by a rock fall at Piedipaterno, on 15 September 1992. (D) House damaged by a deep-seated
landslide triggered by rapid snow melting in January 1997 at Bivio Saragano. (E) House destroyed by
the Valderchia landslide of 6 January 1997. (F) Road damaged by a deep-seated slide at San Litardo in
January 1997. (G) Debris slides triggered by the December 2004 rainfall period at Porano. (H) Rock
fall and toppling failure caused by the September-October 1997 earthquakes along a provincial road
near Stravignano. (K) Rock falls caused by the September-October 1997 earthquakes along SS 320,
along the Corno River valley.

Several of the examples presented in the next chapters will discuss or will use landslide,
lithological, morphological, and thematic data available for Umbria. In § 3.3.2 I will present
21

Chapter 2
the geomorphological landslide inventory maps prepared by Guzzetti and Cardinali (1989,
1990) and by Antonini et al. (2002a). In § 3.4.1, the two geomorphological inventories will be
compared with a detailed multi-temporal inventory map prepared for the Collazzone area. In §
3.3.3 I will present three recent landslide event inventory maps showing respectively: (i) slope
failures triggered by rainfall in the period from the 1937 to 1941 in central Umbria, (ii)
landslides triggered by rapid snow melting in January 1997 in Umbria, and (iii) rock falls
triggered by the September-October 1997 earthquake sequence in the Umbria-Marche
Apennines. In § 8.4 I will illustrate a geomorphological methodology to ascertain landslide
risk devised and tested at selected sites in Umbria. Lastly, in § 8.5 I will discuss landslide
damage in Umbria, including an attempt to identify areas of potential landslide impact to the
built-up areas, the transportation network, and the agriculture.

2.3. Upper Tiber River basin, central Italy
The Upper Tiber River basin extends for 4098 km2 in Central Italy, in the Umbria, Toscana
and Emilia-Romagna Regions (Figure 2.7). Elevation in the area ranges from 163 m, at the
basin outlet near Ponte Nuovo di Torgiano, to 1407 m, at Monte Fumaiolo, along the divide
between the Adriatic Sea and the Tyrrhenian Sea.

Emilia-Romagna

Marche

Tuscany

Adriatic
Sea

Umbria
Abruzzo
Tyrrhenian Sea

Lazio

Figure 2.7 – Location of the Upper Tiber River basin, in Central Italy. Dark blue line shows main
divide of the Upper Tiber River basin. Light blue lines show main drainage network in the catchment.
Green lines show regional boundaries. Blue dot show location of the basin outlet, at Ponte Nuovo di
Torgiano. Green triangle shows Monte Fumaiolo, where the springs of the Tiber River are located.
Red dot shows the location of the city of Perugia.

For the Upper Tiber River basin, Cardinali et al. (2001) prepared a Photo-Geological and
Landslide Inventory Map of the Upper Tiber River Basin, Italy (Figure 2.8, available at
http://maps.irpi.cnr.it/website/tevere/tevere_start.htm). The map shows landslides, rock types,
tectonics features, and attitude of bedding planes in the basin. The information shown in the
map was obtained through the systematic analysis of stereoscopic aerial photographs flown at
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1:33,000 scale and, limited to the outcrop of lake sediments and recent alluvial deposits, at
1:13,000 scale. Interpretation of the aerial photographs was aided by field surveys at the
1:10,000 scale, and by review of bibliographical data. In the photo-geological map, the rocks
that crop out in the catchment are subdivided into 37 lithological units based upon the
percentage of hard vs. soft rocks, as ascertained from photo-geological interpretation, field
surveys, existing geological maps and other bibliographical data. Bedding plane domains were
defined on the basis of photo-geological criteria as areas where the bedding plane attitude
appeared to be constant. Within each bedding domain, the attitude of bedding planes was
ascertained by comparing the bedding setting with the attitude of the local slope. Bedding dip,
in eight classes, was estimated by comparing the local slope of terrain with bedding attitude in
areas where bedding planes dipped towards the free face of the slope (Cardinali et al., 2001).
The landslide inventory map for the Upper Tiber River basin shows more than 17,000
landslides, mostly deep seated and shallow slides and debris flows (Cardinali et al., 2001).
Deep seated landslides are chiefly translational and more rarely rotational slide, flow, slide
earth-flow, complex and compound movements. The area of the deep seated landslides ranges
from less than one hectare to more than one square kilometre. Landslides in this class mainly
develop along sedimentary or tectonic discontinuities and are mostly dormant, but
reactivations are present. Shallow landslides are slumps, earth flows and rotational or
translational slides, locally exhibiting a flow component at the toe. Shallow failures mainly
involve the colluvial cover and are mostly dormant, but recent, active and seasonal movements
are locally present. Shallow landslides are particularly abundant on deep seated landslide
deposits, where they occur as minor reactivations. Large debris flow deposits, consisting
chiefly of granular materials, are deposited mostly along mountain streams and are most
abundant where carbonate rocks crop out. Figure 2.9 shows the abundance of landslides in the
37 lithological units cropping out in the Upper Tiber River basin.
Next, Cardinali et al. (2002b) prepared a Landslide Hazard Map of the Upper Tiber River
Basin, Italy (also available at http://maps.irpi.cnr.it/website/tevere/tevere_start.htm), showing
landslide susceptibility in the catchment. I will discuss the statistical model constructed to
obtain the susceptibility map in § 6.4, as an example of a landslide susceptibility zoning for a
large area. The statistical model prepared to ascertain landslide susceptibility in the Upper
Tiber River basin will be based upon a considerably large set of geo-environmental factors,
including morphology, hydrology, lithology, structure, bedding attitude, and land use.
Information on landslides, lithology, structure and attitude of bedding plane was obtained from
the photo-geological and landslide inventory map of Cardinali et al. (2001). Morphometric
and hydrological information was obtained from a DEM with a ground resolution of 25 m ×
25 m. The digital terrain model was obtained from elevation information shown on
topographic base maps published by the Italian Military Geographic Institute at 1:25,000
scale. Land use information was obtained through compilation in a GIS of land use maps
published at 1:10,000 and 1:25,000 scale for the Umbria, Toscana and Emilia-Romagna
Regions. Since the original land use maps had different legends, listing from 12 to more than
30 classes, merging of the land use classes was necessary. When merging the classes, care was
taken in retaining information known or considered to be useful for explaining the presence or
absence of landslides, their spatial distribution and abundance. Hence, forested areas were kept
separated from re-forested terrain, and cultivated land was kept distinct from abandoned
terrains. However, land use parcels showing woods with different tree species were merged, as
were land parcels showing different types of specialized cultivations (e.g., vineyards, olive
grows, fruit grows, etc.).
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Figure 2.8 – Upper Tiber River basin. Upper map shows the Photo-Geological and Landslide
Inventory Map of the Upper Tiber River Basin, Italy of Cardinali et al. (2001), available at
http://maps.irpi.cnr.it/website/tevere/tevere_start.htm. Red line shows location of lower map. Blue line
shows Figure 2.9. Lower map is an enlargement of a portion of the upper map showing cartographic
detail. Colours show different rock types. Deep seated landslides are shown in pink. Shallow
landslides are shown in violet.
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Figure 2.9 – Upper Tiber River basin. Abundance of lithological types and of landslides. Integer
numbers indicate individual lithological units shown in the Photo-Geological and Landslide Inventory
Map of the Upper Tiber River Basin, Italy (Cardinali et al., 2001). For each lithological unit, tables
lists from top to bottom: (i) the percentage of the lithological unit with respect to the total basin area,
(ii) the percentage of landslide area in the lithological unit with respect to the total landslide area, and
(iii) the percentage of landslide area with respect to the extent of the lithological unit.

2.4. Collazzone area, Umbria Region
The Collazzone area extends for about 90 km2 in central Umbria, south of Perugia (Figure
2.10.A). In the area, elevation ranges from 145 m, along the Tiber River valley, to 634 m, at
Monte di Grutti. Minor tributaries of the Tiber River drain the area, where landscape is hilly,
valleys are asymmetrical, and lithology and the attitude of bedding planes control the aspect
and morphology of the slopes (Figure 2.10.B). Inspection of the available historical rainfall
record reveals that precipitation is most abundant in the period between October and
November, with a mean annual rainfall in the period from 1921 to 2001 of 884 mm.
In the area crop out old and recent sedimentary rocks, encompassing (Figure 2.10.C): (i)
fluvial deposits, Holocene in age, along the main valley bottoms, (ii) continental gravel, sand
and clay, Plio-Pleistocene in age, (iii) travertine deposits, Pleistocene in age, (iv) layered
sandstone and marl, Miocene in age, and (v) thinly layered limestone, Lias to Oligocene in age
(Conti et al., 1977; Servizio Geologico Nazionale, 1980; Cencetti, 1990; Barchi et al., 1991).
Soils in the area range in thickness between 25 cm and 1.5 m, have chiefly a fine or medium
texture, and exhibit a typical xenic moisture regime. The regional geomorphological landslide
inventory maps of Guzzetti and Cardinali (1988, 1989) and of Antonini et al. (2002a) indicate
that mass movements are abundant in the area, ranging in type and volume from large
translational slides to deep and shallow flows.
For the Collazzone area, Galli et al. (2005) prepared a detailed landslide inventory map
through the systematic interpretation of five sets of aerial photographs covering
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unsystematically the period form 1941 to 1997, extensive geological and geomorphological
field surveys, and the review of bibliographical and archive data. In § 3.3.4.1 I will discuss this
landslide inventory as an example of a multi-temporal landslide map.

Figure 2.10 – (A) Location of the Collazzone study area in the Umbria region. (B) Shaded relief image
of the Collazzone area, showing morphology of the area. (C) Lithological map for the Collazzone area.
(D) Abundance of lithological types: (i) Alluvial deposits, (ii) Continental deposits, (iii) Travertine,
(iv) Layered sandstone and marl, (v) Thinly layered limestone. Modified after Galli et al. (2005).

Guzzetti et al. (2005d) used the multi-temporal inventory map in combination with additional
thematic information to prepare a landslide susceptibility model for the Collazzone area, and
to test a validation scheme to verify the quality and performance of the obtained susceptibility
estimate. I will discuss the susceptibility model and the proposed validation scheme in § 6.5.1.
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The thematic information used to ascertain landslide susceptibility in the Collazzone area
includes morphological, hydrological, lithological, structural, bedding attitude, and land use
data. Morphological and hydrological information was obtained from a 10 m × 10 m DEM,
prepared by interpolating 10 and 5 meter interval contour lines obtained from 1:10,000 scale
topographic maps. Lithological and structural maps, at 1:10,000 scale, were prepared by Galli
et al. (2005) through detailed field surveys aided by the interpretation of aerial photographs at
various scales. Bedding plane domains were defined on the basis of the same photo-geological
criteria adopted to prepare the Photo-Geological and Landslide Inventory Map of the Upper
Tiber River Basin, Italy (Cardinali et al., 2001). Information on land use was obtained from a
land use map compiled in 1977 by the Umbria Regional Government, and was locally revised
by Guzzetti et al. (2005d) who interpreted recent aerial photographs, flown in April 1997 at
1:20,000 scale.

2.5. Nera River and Corno River valleys, Umbria Region
This study area extends for 48 km2 south and south-weast of the village of Triponzo, in
Valnerina, a geographical region comprising the northern part of the Nera River basin, in the
south-eastern Umbria region (Figure 2.11). The Nera River and its major tributaries, including
the Corno, Sordo, Vigi, and Tissino rivers, drain the western sector of the central Apennines,
and locally flow into narrow valleys. Deep canyons where rock falls are common phenomena
are present along the Nera River south of Visso, at Triponzo, Borgo Cerreto and Ferentillo,
along the Corno River at Biselli and Balza Tagliata, and along the Vigi River near Sellano. In
Valnerina, several roads, including three major regional roads (Strade Statali SS 209, SS 320
and SS 396), and a few towns (e.g., Triponzo, Borgo Cerreto, Piedipaterno and Ferentillo) are
repeatedly affected by rock falls (e.g., Figures 2.6C and 2.6.K). Figure 2.12 shows examples
of rock falls and rock fall damage in Valnerina.

Figure 2.11 – Location of the Triponzo study area, in Valnerina, eastern Umbria. After Guzzetti et al.
(2004b). Maps available at http://maps.irpi.cnr.it/website/valnerina/valnerina_start.htm.
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In the area crop out sedimentary rocks pertaining to the Umbria-Marche stratigraphic
sequence, Lias to Eocene in age. Rocks are mostly massive and layered limestone, cherty
limestone, marly limestone and marl, with subordinate clay levels. Soils in the area are mostly
thin and poorly developed. The geomorphological landslide inventory map completed for the
Umbria Region by Antonini et al. (2002a) (§ 3.3.2.2) shows that in the entire Valnerina (i.e.,
the Nera River catchment, Figure 2.11) landslides cover more than 65 km2, which corresponds
to a proportion of about 6.3% of the territory. Landslides are deep-seated, complex or
compound movements, and shallow failures, chiefly channelled debris flows and fast-moving
rock slides, topples and rock falls. The last of these are triggered by various causes, including
rainfall and freeze-thaw cycles, but are most abundant during earthquakes.

Figure 2.12 – Photographs showing rock falls triggered along roads in the Nera River valley and the
Corno River valley by the September-October 1997 earthquake sequence in the Umbria-Marche
Apennines. After Guzzetti et al. (2004b).

The earthquake sequence that affected the Umbria-Marche Apennines in the period from
September to October 1997 produced abundant rock falls along the Nera River and the Corno
River valleys (§ 3.3.3.3). Rock falls were particularly numerous along the Balza Tagliata
gorge, SE of Triponzo (Figure 2.11). Through the interpretation of black and white aerial
photographs flown at 1:20,000 scale a few weeks after the earthquakes, Antonini et al. (2002b)
prepared a photo-geological map, at 1:10,000 scale, showing: (i) deep-seated landslides, (ii)
shallow landslides, (iii) surface deposits, including talus deposits and debris cones, and (iv) the
location of possible rock fall source areas. Oblique aerial photographs taken with a handheld
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camera from a helicopter immediately after the earthquakes were used to refine the mapping
of rock fall source areas locally. Guzzetti et al. (2003) mapped the location of the earthquake
induced slope failures, and analysed the frequency-volume statistics of the rock falls.
Guzzetti et al. (2004b) exploited the photo-geological map, and the map of the earthquake
induced rock falls to determine rock fall hazard along the Nera and Corno rivers valleys. In
addition to the described lithological and landslide information, to ascertain rock fall hazard a
detailed digital terrain model and land use information were used. The DEM, with a ground
resolution of 5 m × 5 m, was obtained by interpolating 10 and 5 meter interval contour lines
obtained from 1:10,000 scale topographic base maps. Land use information was obtained from
a regional land use map prepared at 1:10,000 scale through the interpretation of large-scale
aerial photographs taken in 1977.
In § 7.5 I will discuss the obtained rock fall hazard model, including the mitigating effects of
recently installed rock fall defensive measures, and the residual risk to vehicles travelling
along the main roads in the Nera River and the Corno River valleys. Results of the models and
thematic maps are available at http://maps.irpi.cnr.it/website/valnerina/valnerina_start.htm.

2.6. Staffora River basin, Lombardy Region, northern Italy
The Staffora River basin extends for 275 km2 in the southern Lombardy region, in the northern
Apennines of Italy (Figure 2.13). Elevation in the area ranges from about 150 m at
Rivanazzano, to 1699 m at Monte. Chiappa. The Staffora River, a tributary of the Po River,
drains the area. In the 42-year period from 1951 to 1991, annual rainfall in the area ranged
from 410 to 1357 mm, with an average value of 802 mm. Inspection of the historical rainfall
record indicates that precipitation is most abundant in the autumn and in the spring (Guzzetti
et al., 2005a).
In the Staffora River basin crop out marine, transitional and continental sedimentary rocks,
Cretaceous to Holocene in age (Servizio Geologico Nazionale, 1971). Marine sediments
include: (i) sequences of layered limestone, marly-limestone, marl and clay, with ophiolites,
(ii) disorganized, and highly fractured marl and clay, overlaid by massive sandstones, and (iii)
shallow marine sediments pertaining to the Gessoso-Solfifera Formation. Transitional deposits
feature conglomerates, with lenses of marl and sand, Oligocene in age. Fluvial and terraced
deposits, Holocene in age, represent the continental deposits and outcrop along the main valley
bottoms. Soils have a fine to coarse texture, largely depending on the parent material, exhibit a
xenic moisture regime, and range in thickness from less than 50 cm to more than 1.5 meter.
The area has a complex structural setting resulting from the superposition of two main tectonic
phases associated to the formation of the Apennines mountain chain. A compressive phase of
Cretaceous to Eocene age produced large, east-verging thrusts with associated anticlines,
synclines and transcurrent faults. Next, an extensional tectonic phase of Oligocene to
Holocene age, produced chiefly normal faults. The lithological and the structural settings
control the morphology of the area, which features steep and asymmetric slopes, dissected by
a dense, locally actively eroding stream network. Landslides are abundant in the area, and
range in type and size from large rotational and translational slides to deep and shallow flows.
Some of the landslides are presumably very old in age. Very old landslides are mostly relict or
dormant, and are partially concealed by forest and the intensive farming activity.
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Guzzetti et al. (2005a) compiled a detailed multi-temporal inventory map for the Staffora
River basin (Figure 2.14). The multi-temporal inventory was prepared at 1:10,000 scale
through the interpretation of five sets of aerial photographs of different dates. Each set of
aerial photographs was interpreted separately to obtain individual (separate) landslide
inventory maps. Next, the individual landslide maps were merged in a GIS to obtain the multitemporal inventory. In the separate inventory maps (Figure 2.14 A to E), landslides were
classified according to the type of movement and the estimated age, activity, depth, and
velocity. Landslide type was defined according to Varnes (1978) and the WP/WLI (1990). For
deep-seated slope failures, the landslide crown was mapped separately from the deposit.
Landslide age, activity, depth, and velocity were determined based on the type of movement,
the morphological characteristics and appearance of the landslide on the aerial photographs,
the local lithological and structural setting, and the date of the aerial photographs.

Figure 2.13 – Location, morphology and lithology of the Staffora River basin, in the northern
Apennines of Italy. Left, location and general morphology of the area. Right, lithological map; (1)
alluvial deposit, (2) detritus, (3) sand and gravel, (4) chaotic complex, (5) silty marl and clay, (6)
massive sandstone, (7) layered sandstone, (8) layered sandstone with marl, (9) layered limestone with
marl, (10) layered limestone, (11) layered marl with sandstone.

Landslides were classified active where they appeared fresh on the aerial photographs of a
given date. A landslide was mapped active in an earlier flight and dormant in the subsequent
photographs, if clear signs of movement were not identified in the more recent photographs; or
the landslide was mapped continuously active if it appeared fresh in two or more flights,
indicating repeated or continuous movements. Mass movements were classified as deep-seated
or shallow, depending on the type of movement and the estimated landslide volume. The latter
was based on the type of failure, and the morphology and geometry of the detachment area and
the deposition zone. Landslide velocity (WP/WLI, 1995) was considered a proxy of landslide
type, and classified accordingly (Cardinali et al., 2002a; Reichenbach et al., 2005).
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Figure 2.14 – Multi-temporal landslide inventory map for the Staffora River basin, southern Lombardy
Region. Maps from (A) to (E) show, with different colours, landslides of different age, identified on
aerial photographs of different age. Map available at http://maps.irpi.cnr.it/website/
staffora/staffora_start.htm.

Table 2.1 shows the number, total extent and area statistics of the landslides identified in the
different sets of aerial photographs. The largest number of failures and the largest landslide
area were identified in the 1954 photographs, which also show landslides of much older age.
In the other flights, only new and recent landslides were identified. The entire landslide
inventory shows 3922 landslides, including 89 very old, relict mass movements. The multitemporal map covering an undefined period from pre-1955 to 1999 (A1–E2 in Table 2.1)
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shows 3833 landslides, and does not include the relict landslides. The multi-temporal
inventory map covering the 45-year period from 1955 to 1999 (A2–E2) shows 2390 landslides.
Guzzetti et al. (2005a) exploited the multi-temporal inventory map to ascertain landslide
hazard in the Staffora River basin. In § 7.3 I will discuss in detail this experiment as a
prototype example of a complete (comprehensive) landslide hazard assessment at the basin
scale. To determine landslide hazard, in addition to the multi-temporal inventory, Guzzetti et
al. (2005a) used morphometric, hydrological, lithological and land use information.
Morphometric and hydrological information was obtained automatically from a digital terrain
model with a ground resolution of 20 m × 20 m. The DEM was prepared by interpolating 10
meter interval contour lines obtained from 1:10,000 scale topographic base maps. Lithological
information was obtained from existing geological maps, at 1:10,000 and 1:100,000 scale.
Land use information was obtained through the interpretation of aerial photographs flown in
the summer 1994 at 1:25,000 scale.
Table 2.1 – Staffora River basin. Landslide descriptive statistics obtained from the available multitemporal inventory map (Figure 2.14). Characteristics of aerial photographs are: A; 18 July 1955, black
and white, 1:33,000 scale. B; winter 1975, black and white, 1:15,000. C; summer 1980, colour, 1:22
000. D; summer 1994, black and white, 1:25,000. E; 22 June 1999, colour, 1:40,000. Percentage of
landslide area (*) computed with respect to the total area covered by landslides (A0–E2).

INVENTORY

AGE

LANDSLIDE
Number
Density
2

Total
2

LANDSLIDE AREA
Percentage* Min Mean

Max

A0

very old (relict)

#
89

#/km
0.32

km
34.72

%
49.30

ha
5.73

ha
39.01

ha
238.49

A1

older than 1955

1443

5.27

38.24

54.30

0.09

2.79

82.67

A2
B1
B2
C1
C2
D1
D2
E1
E2

1955 active
1955-1975
1975 active
1975-1980
1980 active
1980-1994
1994 active
1994-1999
1999 active

306
318
685
89
305
455
175
19
38

1.12
1.16
2.50
0.32
1.11
1.66
0.63
0.07
0.14

2.46
2.38
4.41
1.32
2.40
2.06
1.36
0.65
0.85

3.49
3.39
6.26
1.87
3.41
2.92
1.94
0.93
1.21

0.07
0.02
0.01
0.04
0.05
0.05
0.05
0.36
0.19

0.80
0.75
0.65
1.48
0.79
0.45
0.78
3.43
2.24

16.34
5.10
11.47
11.91
11.91
17.78
7.79
11.91
11.91

very old and older
than 1955
very old to 1999
active
older than 1955 to
1999 active
1955 active to 1999
active

1532

5.57

63.22

90

0.09

4.13

238.49

3922

14.26

70.42

100

0.01

1.79

238.49

3833

13.93

46.43

66

0.01

1.21

17.78

2390

8.69

12.08

17

0.01

0.36

17.78

A0–A1
A0–E2
A1–E2
A2–E2
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3. LANDSLIDE MAPPING
When you don’t know what you are doing,
do it with great precision.
If your data are imprecise,
draw a thick line.

Any serious attempt at ascertaining landslide hazard or at evaluating landslide risk must begin
with the collection of information on where landslides are located. This is the goal of landslide
mapping. The simplest form of landslide mapping is a landslide inventory, which records the
location and, where known, the date of occurrence and types of landslides that have left
discernable traces in an area (Hansen, 1984; McCalpin, 1984; Wieczorek, 1984). Inventory
maps can be prepared by different techniques, depending on their scope, the extent of the
study area, the scales of base maps and aerial photographs, the quality and detail of the
accessible information, and the resources available to carry out the work (Guzzetti et al.,
2000).
In this chapter, I first critically discuss the various types of landslide inventories and the
methods and techniques used to prepare them. Then, I present landslide inventories of
different types and scales prepared for Italy, the Umbria Region, and for selected areas in the
Umbria Region, including the Collazzone area.

3.1. Theoretical framework
Before discussing the various types of landslide inventories, it is useful to attempt to establish
the rationale for a landslide inventory. A landslide inventory depends on the following widely
accepted assumptions (Radbruch-Hall and Varnes, 1976; Varnes et al., 1984; Carrara et al.,
1991; Hutchinson and Chandler, 1991; Hutchinson, 1995; Dikau et al., 1996; Turner and
Schuster, 1996; Guzzetti et al., 1999a):
(a) Landslides leave discernible signs, most of which can be recognized, classified and
mapped in the field or from stereoscopic aerial photographs (Rib and Liang, 1978;
Varnes, 1978; Hansen, 1984; Hutchinson, 1988; Turner and Schuster, 1996). Most of the
signs left by a landslide are morphological, i.e., they refer to changes in the form, position
or appearance of the topographic surface. Other signs induced by a slope failure may
reflect lithological, geological, land use, or other types of surface or sub-surface changes.
If a landslide does not produce identifiable (i.e., observable, measurable) changes the
mass movement cannot be recognized and mapped, in the field or by using remotely
obtained images.
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(b) The morphological signature of a landslide (Pike, 1988) depends on the type (i.e., fall,
flow, slide, complex, compound) and the rate of movement of the slope failure (Pašek,
1975; Varnes, 1978; Hansen, 1984; Hutchinson, 1988; Cruden and Varnes, 1996; Dikau et
al., 1996). In general, the same type of landslide will result in a similar signature. The
morphological signature left by a landslide can be interpreted to determine the extent of
the slope failure and to infer the type of movement. From the appearance of a landslide,
an expert can also infer qualitative information on the degree of activity, age, and depth of
the slope failure. Since morphological converge is possible and the same morphological
signs may result from different processes, care must be taken when inferring landslide
information from, e.g., aerial photographs.
(c) Landslides do not occur randomly or by chance. Slope failures are the result of the
interplay of physical processes, and landsliding is controlled by mechanical laws that can
be determined empirically, statistically or in deterministic fashion (Hutchinson, 1988;
Crozier, 1986; Dietrich et al., 1995). It follows that knowledge on landslides can be
generalized (Aleotti and Chowdhury, 1999; Guzzetti et al., 1999a).
(d) For landslides we can adopt the well known principle, which follows from
uniformitarianism (Lyell, 1833), that the past and present are keys to the future (Varnes et
al., 1984; Carrara et al., 1991; Hutchinson, 1995; Aleotti and Chowdhury, 1999; Guzzetti
et al., 1999). The principle implies that slope failures in the future will be more likely to
occur under the conditions which led to past and present instability. Mapping recent slope
failures is important to understand the geographical distribution and arrangement of past
landslides, and landslide inventory maps are fundamental information to help forecast the
future occurrence of landslides.
Ideally, identification and mapping of landslides should derive from all of these assumptions.
Failure to comply with them limits the applicability of inventory maps and their derivative
products (i.e., susceptibility, hazard or risk assessments) regardless of the methodology used
or the goal of the investigation. Unfortunately, satisfactory application of all of these
principles proves difficult, both operationally and conceptually (Guzzetti et al., 1999a).

3.2. Landslide recognition
Landslides can be identified and mapped using a variety of techniques and tools, including: (i)
geomorphological field mapping (Brunsden, 1985; 1993), (ii) interpretation of vertical or
oblique stereoscopic aerial photographs (air photo interpretation, API) (Rib and Liang, 1978;
Turner and Schuster, 1996), (iii) surface and sub-surface monitoring (Petley, 1984; Franklin,
1984), and (iv) innovative remote sensing technologies (Mantovani et al., 1996; IGOS
Geohazards, 2003; Singhroy, 2005), such as the interpretation of synthetic aperture radar
(SAR) images (e.g., Czuchlewski et al., 2003; Hilley et al., 2004; Catani et al., 2005;
CENR/IWGEO, 2005; Singhroy, 2005), the interpretation of high resolution multispectral
images (Zinck et al., 2001; Cheng et al., 2004), or the analysis of high quality DEMs obtained
from space or airborne sensors (Kääb, 2002; McKean and Roering, 2003; Catani et al., 2005).
Historical analysis of archives, chronicles, and newspapers has also been used to identify
landslide events, to compile landslide catalogues, and to prepare landslide maps (e.g.,
Reichenbach et al., 1998; Salvati et al., 2003).
Traditionally, visual interpretation of stereoscopic aerial photographs has been the most
widely adopted method to identify and map landslides (Rib and Liang, 1978; Turner and
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Schuster, 1996). Interpretation of aerial photographs proves particularly convenient to map
landslides because:
(a) A trained investigator can readily recognize and map a landslide on the aerial
photographs, aided by the vertical exaggeration introduced by the stereoscopic vision. The
vertical exaggeration amplifies the morphological appearance of the terrain, reveals subtle
morphological (topographical) changes, and facilitates the recognition and the
interpretation of the topographic signature typical of a landslide (Rib and Liang, 1978;
Pike, 1988).
(b) National and local governments, geological surveys, environmental and protection
agencies, research organizations and private companies have long obtained stereoscopic
aerial photographs for a variety of purposes. In most places these aerial photographs are
available and can be used for geomorphological studies including the compilation of
landslide inventory maps. The availability of multiple sets of aerial photographs for the
same area (e.g., Figure 3.1) allows investigating the temporal and the geographical
evolution of slope failures (Guzzetti et al., 2005a,d).
(c) For a trained geomorphologist, interpretation of the aerial photographs is an intuitive
process that does not require sophisticated technological skills. The technology and tools
needed to interpret aerial photographs are simple (e.g., a stereoscope) and inexpensive, if
compared to other monitoring or landslide detection methods. Information obtained from
the aerial photographs can be readily transferred to paper maps or stored in computer
systems.
(d) The size (on average 21 cm × 21 cm) and scale (from 1:5000 to 1:70,000) of the aerial
photographs allows for the coverage of large territories with a reasonable number of
photographs. Most important, the typical size of a landslide (i.e., from a few tens to
several hundred meter in length or width) fits well inside a single pair of stereoscopic
aerial photographs, allowing the interpreter to work conveniently. The side and lateral
overlaps typical of stereoscopic aerial photographs allow the interpreter to find (most of
the time) a suitable combination of photographs to best identify and map the landslides.
(e) The resolution of the available optical aerial photographs remains unmatched by satellite
imagery, including the very high resolution images (Emap International, 2002). The
highest resolution panchromatic satellite images currently commercially available have a
ground resolution of about 60-70 cm, which is similar or coarser than the resolution of
medium to high altitude aerial photographs flown at 1:33,000 scale or smaller. In addition,
the very high resolution satellite imagery most commonly lacks stereoscopy (particularly
for the past), is more expensive, and requires specialized software to be treated. Also, for
practical purposes the quality of the aerial photographs printed from large format
negatives remains unmatched by images shown on computer screens.
Recognition of any geomorphological feature, including landslides, from stereoscopic aerial
photographs is a complex, largely empirical technique that requires experience, training, a
systematic methodology, and well-defined interpretation criteria (Speight, 1977; Rib and
Liang, 1978; van Zuidan, 1985). The photo-interpreter classifies geological objects and
morphological forms based on his or her experience, and on the analysis of a set of
characteristics (a “signature”) which can be identified on photographic images. These include
shape, size, photographic colour, tone, mottling, texture, pattern of objects, site topography
and setting (Ray, 1960; Miller, 1961; Allum, 1966; Rib and Liang, 1978; van Zuidan, 1985).
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Shape refers to the form of the topographic surface. Because of the vertical exaggeration of
stereoscopic vision, shape is the single most useful characteristic for the classification of an
object (e.g., a landslide) from aerial photographs. Size describes the area extent of an object.
Knowing the physical dimensions of an object is seldom enough for classification, but it can
be very useful to identify properties such as extent and depth. Colour, tone, mottling and
texture depend on the light reflected by the surface, and can be used to infer rock, soil and
vegetation types, the latter being a proxy for wetness. Mottling and texture are measures of
terrain roughness and can be used to identify surface types and the size of debris. Pattern is the
spatial arrangement of objects in a repeated or characteristic order or form, and is used to infer
rock type and resistance to erosion, as well as the presence of fractures, joints, faults and other
tectonic or structural lineaments. Topographic site is the position of a place with reference to
its surroundings. It reflects morphometric characters such as height difference, slope steepness
and aspect, and the presence of convexities or concavities in the terrain. Topographic site is
particularly important to identify landslides, which are locally marked by topographic
anomalies. Setting expresses regional and local characteristics (lithological, geological,
morphological, climatic, vegetation, etc.) in relation to the surroundings. Site topography and
setting are particularly suited to inferring rock type and structure, attitude of bedding planes,
and presence of faults and other tectonic or structural features (Ray, 1960; Miller, 1961;
Allum, 1966; Amadesi, 1977; van Zuidan, 1985).

Figure 3.1 – Years of stereoscopic aerial photographs available for two landslide areas in the Italian
Apennines. Red squares: Collazzone area (§ 2.4). Blue diamonds: Staffora River basin (§ 2.6). X-axis,
year of the aerial photographs; y-axis, scale of the aerial photographs.

By employing the relationship between a form and a geological or geomorphological feature,
morphological correlation is used to classify an object on the basis of photographic
interpretation. For example, an upper concavity and lower convexity on a slope typically
indicates the presence of a landslide. Furthermore, the combination of cone-shaped geometry
(in plan) and upwardly convex slope profile is diagnostic of an alluvial fan, a debris cone, or a
debris flow deposition zone. A closed depression in limestone terrain (i.e., a sinkhole) may
harbour residual deposits, while a gentle slope at the foot of a steep rock cliff is usually a talus
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deposit. Great care must be taken when inferring the characteristics and properties of
geological and geomorphological objects from aerial photographs because morphological
convergence is possible. For instance, in glacial terrain landslide and moraine deposits may
appear similar; and in steep terrain a deep-seated gravitational deformation may look like a
tectonic structure.
All the previously described interpretation criteria are commonly used by the photo-interpreter
– albeit often unconsciously – in preparing a landslide inventory map. Due to the large
variability of landslide phenomena (see § 1 and Figure 1.1), not all landslides are clearly and
easily recognizable from the aerial photographs or in the field. Immediately after a landslide
event, individual landslides are “fresh” and usually clearly recognizable. The boundaries
between the failure areas (depletion, transport and depositional areas) and the unaffected
terrain are usually distinct, making it relatively easy for the geomorphologist to identify and
map the landslide. This is particularly true for small, shallow landslides, such as soil slides or
debris flows. For large, complex slope movements, the boundary between the stable terrain
and the failed mass is transitional, particularly at the toe. The limit may also be transitional
along the sides, where tension cracks arranged in an en échelon pattern are common. For large
deep-seated landslides, identifying the exact limit of the failed mass may not be easy even for
fresh failures, particularly in urban or forest areas. Landslide boundaries become increasingly
indistinct with the age of the landslide. This is caused by various factors, including local
adjustments of the landslide to the new morphological setting, new landslides, and erosion
(Malamud et al., 2004a). Brandinoni et al. (2003) and Korup (2005c) outlined limitations of
mapping landslides from aerial photographs in heavily forested mountain terrain. In particular,
Brandinoni et al. (2003) noted significant error bars and frequency underestimates resulting
from the interpretation of aerial photographs, when compared to detailed field studies.
To prepare a landslide inventory map through the interpretation of aerial photographs a legend
is needed. The legend must meet the project goals, must be capable of portraying important (or
even subtle) geomorphological characteristics, and must be compatible with the technique
used to capture the information, i.e., with the scale, type and vintage of aerial photographs, the
scale of the map, the type of stereoscope, the availability of morphological/geological data, the
complexity of the terrain, and the time and resources available. Ideally the legend should be
prepared (and agreed upon) by the users before interpretation of the aerial photographs begins
(Brabb, 1996). In reality, the legend tends to be changed during a photo-interpretation project.
Classes are added, deleted, split or merged to conform to local geomorphological settings, the
type, abundance and pattern of landslides, the interpreter’s experience and preferences, and
new findings.
The experience gained in compiling landslide inventory maps in Italy through the
interpretation of aerial photographs at different scales and for territories ranging from few tens
to several thousands square kilometres (e.g., Guzzetti and Cardinali, 1989; 1990; Antonini et
al., 1993; 2000; 2002a; 2002b; Cardinali et al., 1994; 2001; 2003; 2005; Carrara et al., 1991;
Guzzetti et al., 2004a; Barchi et al., 1993; Galli et al., 2005; see also § 2.2), has shown that
landslides can be classified according to the type of movement, and the estimated age, activity,
depth, and velocity. In general, landslide types are defined according to Varnes (1978), the
WP/WLI (1990) and Cruden and Varnes (1996) or a simplified version of these well-know
landslide classification schemes. Mass movements are classified as deep-seated or shallow,
depending on the type of movement and the estimated landslide volume. The latter is based on
the type of failure, and the morphology and geometry of the detachment area and the
deposition zone. For deep-seated slope failures, the landslide crown (depletion area) is usually
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mapped separately from the deposit (e.g., Figure 3.2). Landslide age, activity, depth, and
velocity are inferred from the type of movement, the morphological characteristics and
appearance of the landslide on the aerial photographs, the local lithological and structural
setting, and the date of the aerial photographs (Antonini et al., 2002b). Landslide age is
commonly defined as recent, old or very old, despite ambiguity in the definition of the age of a
mass movement based on its appearance (McCalpin, 1984; Antonini et al., 1993). Landslides
are classified active (WP/WLI, 1993) where they appear fresh on the aerial photographs (of a
given date). Landslide velocity (WP/WLI, 1995) can be considered a proxy of landslide type,
and classified accordingly. Most importantly, a degree of certainty in the identification and
mapping should be attributed to each landslide feature. The latter information reveals
important when using the landslide inventory for susceptibility, hazard or risk assessments. It
is worth remembering that any landslide classification scheme adopted for mapping landslides
from aerial photographs or in the field suffers from simplifications, requires geomorphological
deduction, and is somewhat subjective. To limit the drawbacks inherent in any classification,
the categorization and the resulting inventory maps should be checked against external
information on landslide types and process available for the investigated area (Guzzetti et al.,
2003; 2005).

Figure 3.2 – Portion of a landslide inventory map for the Umbria region, central Italy. Original scale
1:10,000. Legend: red, recent landslide deposit identified in aerial photographs taken in 1977; dark
violet, recent landslide deposit identified in aerial photographs flown in 1954; light violet, old
landslide deposit identified in the 1954 aerial photographs; green, very old landslide deposit identified
in the 1954 aerial photographs; yellow, depletion area of deep-seated landslide; light blue, recent
alluvial sediment; dark blue, recent alluvial fan deposit..

In addition to portraying the distribution and types of landslides, an inventory map may show
other geomorphological features related to, or indicative of, mass movements (e.g., Cardinali,
1990; Antonini et al., 1993). These include: (i) escarpments from which rock falls or debris
flows may originate; (ii) alluvial fans and debris cones, where debris flows, debris avalanches,
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and rock falls may travel and deposit; (iii) badlands and other surface erosion features, where a
variety of slope processes, including various types of mass movements originate but may not
be singularly discernable; and (iv) recent alluvial deposits, chiefly along the valley bottoms,
where landslides are not present or expected.
Figure 3.2 shows an example taken from a landslide inventory map prepared for the Umbria
region of central Italy (Antonini et al., 2002; Guzzetti et al., 2003). The map was obtained by
interpreting two sets of aerial photographs, flown in 1954 and in 1977. The adopted legend
includes: (i) landslide deposits; (ii) landslide crown areas for deep-seated slides; (iii) alluvial
fans and debris cones; and (iv) recent alluvial deposits. In Figure 3.2, landslides are shown on
the map based on the estimated age, inferred from morphological appearance and the date of
the aerial photographs. Recent landslides in 1977 are shown in red, and recent landslides in
1954 are shown in dark violet. Old landslides are shown in light violet, and very old landslides
are shown in green. The crown area of all deep-seated landslides is shown in yellow,
regardless of the inferred landslide age. For shallow landslides no distinction is made between
the deposit and the crown area. The adopted legend is rather complex and required extensive
efforts from the interpreters. However, its systematic application allowed obtaining a detailed,
comprehensive and effective view of landslide phenomena in Umbria (Guzzetti et al., 2003).

3.3. Landslide inventories
A landslide inventory is the simplest form of landslide map (Pašek, 1975; Hansen, 1984;
Wieczorek, 1984). Landslide inventory maps can be prepared by different techniques,
depending on their purpose, the extent of the study area, the scales of base maps and aerial
photographs, and the resources available to carry out the work (Guzzetti et al., 2000). For
convenience, landslide inventory maps can be classified based on their scale or the type of
mapping (i.e., archive, geomorphological, event, or multi-temporal inventories). Small-scale,
synoptic inventories (<1:200,000) are compiled mostly from data captured from the literature,
through inquires to public organisations and private consultants, by searching chronicles,
journals, technical and scientific reports, or by interviewing landslide experts. Small-scale
landslide maps can also be obtained through the analysis of aerial photographs (Cardinali et
al., 1990). Medium-scale landslide inventories (1:25,000 to 1:200,000 e.g., Guzzetti and
Cardinali, 1989; Antonini et al., 1993; 2002a; Cardinali et al., 2001; Duman et al., 2004) are
prepared through the systematic interpretation of aerial photographs at print scales which
range from 1:60,000 to 1:10,000 and by integrating local field checks with historical
information. Large-scale inventories (>1:25,000) are prepared, usually for limited areas, using
both the interpretation of aerial photographs at scales usually greater than 1:20,000 and
extensive field investigations, which make use of a variety of techniques and tools that pertain
to geomorphology, engineering geology and geotechnical engineering (Wieczorek, 1984;
Guzzetti et al., 2000; Reichenbach et al., 2005). Antonini et al. (2000, 2002a,b) prepared
large-scale landslide inventory maps at 1:10,000, for areas ranging from a few hundred to a
few thousand square kilometres, in central and northern Italy. The large-scale inventories were
compiled through the interpretation of medium and large scale aerial photographs,
supplemented by limited field checks.

3.3.1. Archive inventories
Archive inventories are a form of landslide database (WP/WLI, 1990), and report the location
of sites or areas were landslides are known to have occurred. Archive inventories are compiled
39

Chapter 3
from data captured from the literature (Radbruch-Hall et al., 1982), through inquires to public
organisations and private consultants (Nemčok and Rybàr, 1968; Inganäs and Viberg, 1979),
or by searching chronicles, journals, technical and scientific reports, and by interviewing
landslide experts (Guzzetti et al., 1994; Guzzetti and Tonelli, 2004). They can be compiled for
a province (Govi and Turitto, 1994; Migale and Milone, 1998; Glade, 1998; Coe et al., 2000;
Godt and Savage, 1999), a river basin (Troisi, 1997; Monticelli, 1998), a physiographic region
(Eisbacher and Clague, 1984), or an entire country (Catenacci, 1992; Reichenbach et al.,
1998b; Salvati et al., 2003). Archive inventories may record all landslide events that are
known to have occurred, or only those events that have caused damage, e.g., to the population
(Salvati et al., 2003); and may cover periods ranging from a few years to several centuries
(Eisbacher and Clague, 1984; Salvati et al., 2003). The UNESCO Working Party on World
Landslide Inventory has proposed a method for systematically reporting landslide information,
and for constructing a landslide database (WP/WLI, 1990). In Italy, considerable experience
exists on the compilation of landslide archive inventories. In the following, I illustrate a
nation-wide attempt at compiling and using historical information on landslide and flood
events in Italy, which I had the opportunity to lead.
3.3.1.1. The AVI archive inventory and the SICI information system
In 1989, the Italian Minister of Civil Protection requested the Italian National Research
Council (CNR), Group for Hydrological and Geological Disasters Prevention (GNDCI), to
compile an archive inventory of sites historically affected by landslides and floods in Italy, for
the period 1918-1990 (Guzzetti et al., 1994). The idea of systematically collecting historical
information on landslides was not new in Italy. In 1907-1910, the geographer Roberto
Almagià published two volumes and a map at 1:500,000 scale, of which Figure 3.3 shows a
portion, describing hundreds of landslides in the Apennines.

Figure 3.3 – Portion of the archive inventory map prepared by Roberto Almagià for the Italian
Apennines in 1907-1910. Original map scale 1:500,000.

To respond to the Minister request, in the period form 1990 to 1992 CNR GNDCI designed
and completed an inventory of historical information on landslides and floods in Italy. The
project became known as the AVI project (AVI is an Italian acronym for “Areas Affected by
Landslides and Floods in Italy”, Aree Vulnerate Italiane). Guzzetti et al. (1994) described the
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original inventory, including the framework to collect, compile and summarize the
information, the structure of the database used to store the data, a critical analysis of the type
and amount of information collected, a description of the preliminary results obtained, and a
discussion of possible applications of the historical information.

Figure 3.4 – Upper map shows density and pattern of historical landslide events. Lower map shows
enlargement near Todi. Legend: green, 1 event; orange, 2-3 events; red, 4 or more events. Source of
information: AVI national archive inventory of landslide events.

Since 1992, considerable efforts were made to keep the database updated and to search for
new data on historical landslide (and flood) events (Guzzetti and Tonelli, 2004). The inventory
was updated for the period 1991-2001 by systematically searching more than fifty local or
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regional journals, and by reviewing technical and event reports, and scientific papers and
books published by CNR GNDCI. From 1999 to 2003, the web pages of eleven regional and
national newspapers were searched daily for information on landslide (and flood) events. In
this period, an average of 700 newspaper articles was found every year, which represent about
75% of the information found through the systematic screening of local and regional
newspapers carried out in the newspaper libraries (Guzzetti and Tonelli, 2004).
The exact or the approximate date of occurrence is known for many slope movements listed in
the AVI archive inventory. Combined with the information on the location of the events, the
date allowed preparing the first national catalogue of sites historically affected by landslides
(and floods) in Italy (Cardinali et al., 1998b). The catalogue lists the date and location (i.e.,
region, province and municipality) of 23,606 landslide events at 15,956 sites. Figure 3.4 shows
the portion of the catalogue for the Umbria region, in Central Italy.
The complexity of the AVI database, the availability of new historical catalogues and
databases, the large amount of available historical data, and increasing requests from the
national, regional and local governments, from scientists, geologists, engineers and planners,
from civil protection personnel and concerned citizens, has guided the transition of the AVI
database from a simple storage of historical data into an information system on landslide and
flood events capable of responding to the requests of different users. The result of this long
lasting effort is SICI, an Italian acronym for information system on geo-hydrological
catastrophes (Sistema Informativo sulle Catastrofi Idrogeologiche) (Guzzetti and Tonelli,
2004). SICI (http://sici.irpi.cnr.it) is a collection of databases containing historical,
geographical, damage, hydrological, and bibliographical information on landslides and floods
in Italy. The information system currently contains ten modules (AVI, GIANO, FATALITIES,
ABPO, LOMBARDY, DPC, LAWS, REFERENCES, DISCHARGE, SEDIMENT), seven of
which are completely or partially available to the public (Figure 3.5).

Figure 3.5 – Structure and modules of SICI, the information system on historical landslides and floods
in Italy. Legend: green, modules publicly available trough the SICI home page (http://sici.irpi.cnr.it);
yellow, modules with restricted access. From Guzzetti and Tonelli (2004).
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The AVI module contains the database of the AVI project (Guzzetti et al., 1994). It represents
the largest and most important module of SICI, at least for the 20th century. The latest release
of the database contains 31,182 entries (records) on landslides, equivalent to a density of about
one landslide site per 14 square kilometres. The AVI module also contains a bibliographical
database listing 2027 references used to compile the historical archive. Figure 3.6 shows the
geographical distribution of the sites historically affected by landslides and floods inventoried
by the AVI project (Reichenbach et al., 1998b). Figure 3.7 portrays the temporal distribution
of the available historical information on landslide events in Italy, from 1900 to 2002. Stored
in the database are also about 90,000 newspaper articles with information on hydrological or
geological catastrophes; 24% of them are available as digital Adobe® Acrobat® PDF files
(Guzzetti and Tonelli, 2004).

Figure 3.6 – AVI national archive inventory. Geographical distribution of the inventoried historical
landslide and flood events in Italy (Reichenbach et al., 1998b). Map available at
http://sicimaps.irpi.cnr.it/website/sici/sici_start.htm.
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Figure 3.7 – AVI national archive inventory. Temporal distribution of the information on historical
landslide events in the period between 1900 and 2002.

The GIANO module contains information on single or multiple landslides, inundations and
snow avalanches in Italy in the 18th and 19th centuries. The module was obtained from a
larger archive compiled in the eighties by SGA Storia Geofisica e Ambiente for ENEA, the
Italian energy research institute, and aimed at collecting the effects of all natural disasters in
Italy in the period from 1000 to 1900. Information in the GIANO module covers the period
from 1700 to 1899 and refers to 793 flooding events and 356 landslide events. There are 2132
“testimonials” (i.e., single entries) on landslides, of which 884 are in the 18th century and
1248 in the 19th century. SGA collected the historical information from 177 bibliographical
references, including catalogues, “repertoires”, scientific reports and other historical sources.
Figure 3.8.A shows the geographical distribution of 356 landslides and 793 floods inventoried
in the GIANO database. The GIANO module lacks the completeness and accuracy of the AVI
database, mostly due to the difficulty in collecting information from historical sources and
testimonies. Some duplication of information exists with the AVI database. As an example,
historical landslides in the catalogues compiled by Almagià in 1907 and 1910 are listed in both
databases. Despite these limitations, GIANO is a major contribution to the SICI information
system. It extends the breath of the AVI database to the 18th and 19th centuries and it provides
a multi-secular perspective on the extent of landslides and floods in Italy.
The FATALITIES module contains information on landslides and floods which have resulted
in deaths, missing persons, injured people, evacuees and homeless people in Italy, in the 724year period between 1279 and 2002 (Guzzetti, 2000; Guzzetti et al., 2005a,b). Non systematic
information on snow avalanches with human consequences is also listed in the database. The
module lists 4534 records, of which 2379 are on landslides and snow avalanches with human
consequences and 2155 on floods that resulted in fatalities or injured people. Figure 3.8.B
shows the geographical distribution of landslide and flood sites with casualties in Italy in the
period from 1900 to 2002. FATALITIES is important because it provides quantitative data for
assessing landslide and flood risk to the population (Guzzetti et al., 2005b,c) (see § 8.3.1).
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The ABPO module contains information on landslides, snow avalanches and floods in the Po
River basin, the largest watershed in Italy. The Po River Basin Authority collected the
historical information as an aid for the preparation of the watershed master plan. The
information was collected from a variety of sources, including historical and archive
documents that span the period from 1300 to 1995. The ABPO module contains 4171 records,
listing 5990 sites affected by 1647 floods, 1995 landslides and 536 snow avalanches (Figure
3.7.C). Information on the type and extent of damage caused by inundations, slope failures and
snow avalanches is available for a few sites. Inspection of Figure 3.8.C reveals that only the
events that have occurred in the mountains and in the hilly part of the river basin are
considered. Flooding events which have occurred in the Po plain, along the Po River and its
major tributaries, are not listed in the database.
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Figure 3.8 – Historical information for four of the ten modules of SICI (Guzzetti and Tonelli, 2004).
(A) Distribution of 356 landslides (green dots) and 793 inundations (blue triangles) inventoried in the
GIANO database from 1700 to 1899. (B) Distribution of landslides and floods with casualties from
1900 to 2002. Legend: red, landslide site with fatalities; yellow, landslide site with injured people;
blue, flood site with fatalities; light blue, flood site with injured people (Salvati et al., 2003). (C)
Distribution of landslides (green), floods (blue), and snow avalanches (red) that have interfered with
structures and the infrastructure in the Po River basin from 1300 to 1995. (D) Map showing
municipalities in the Sondrio province, Lombardy region. Municipalities are coloured based on the
number of landslide and flood events in the period from 500 to 1993.
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The LOMBARDY module contains information on 3765 landslides, debris flows and flooding
events in Valtellina and Val Chiavenna, two Alpine valleys in the Sondrio province
(Lombardy, northern Italy), in the period from 500 to 1993 (Figure 3.8.D). The historical
database contains 2948 records, listing information obtained by systematically searching 590
bibliographical references and historical documents, which were found in local archives by
Govi and Turitto (1994). LOMBARDY is a particularly valuable addition to the SICI
information system because it provides a measure of the quantity and quality of information
that can be expected from a systematic search of historical information in the Italian Alps.
The DPC module contains information on 1389 local surveys and technical activities
performed by CNR GNDCI experts and scientists in the period between 1990 and 2000. The
investigations were requested by the Mayor of a municipality or the Prefect of a province, and
were conducted on behalf of the National Department of Civil Protection (DPC) to investigate
landslides and floods that posed an imminent threat to the population. The LAWS module
contains information and documents on Italian laws, decrees, and ministry orders on
hydrological and geological hazards (Fastelli, 2003a). The database covers the period from
1970 to 2002, and lists 1255 legislative acts. The REFERENCES module is a collection of
bibliographical and reference catalogues, for a total of more than 8000 national and
international references. Lastly, the DISCHARGE and SEDIMENT modules contain data on
daily water discharge and on daily sediment yield. Measurements of mean daily water
discharge are available for 111 gauging stations in central Italy, in the period from 1929 to
1996. Data on sediment yield are available for 117 stations and cover (non systematically) the
68-year period from 1929 to 1996.

3.3.2. Geomorphological inventories
A geomorphological inventory map shows the sum of many landslide events over a period of
some, tens, hundreds or even many thousands of years. Geomorphological inventories are
typically prepared thought the systematic interpretation of one or two sets of aerial
photographs, at print scales ranging from 1:10,000 to 1:70,000, aided by field checks.
Geomorphological inventory maps cover areas ranging from few tens to few thousands square
kilometres, at mapping scales ranging from 1:10,000 to 1:100,000 (which usually corresponds
to publication scales raging from 1:50,000 to 1:500,000) depending on the extent of the study
area, the availability, scale and number of the aerial photographs, the complexity of the study
area, and the time and resources available to complete the project.
Typically, a single map is used to portray all different types of landslides. Alternatively, a set
of maps can be prepared, each map showing a different type of failure, i.e. deep-seated slides,
shallow failures, debris flows, rock falls, etc. (Cardinali et al., 1990). In recent years,
availability of GIS technology has facilitated the production of geomorphological landslide
databases, which store different information on landslides, and allow for the display and the
publication of multiple, complex inventory maps. Besides showing landslides,
geomorphological inventory maps may also portray other features related to mass movements,
including escarpments, alluvial fans and debris cones, badlands and other surface erosion
features, and recent alluvial deposits. In the production of geomorphological inventories,
attempts at classifying landslide age and degree of activity based on the morphological
appearance of the slope failure are hampered by the inherent difficulty of discriminating
landslide age (i.e., the time elapsed since the first failure) from landslide activity (i.e., the state
of motion of a landslide (WP/WLI, 1993)) based solely on the visual interpretation of the
morphology of a landslide (McCalpin, 1984; Antonini et al., 1993).
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In Italy, geomorphological inventory maps are available for several areas. However, the scale,
resolution and completeness of these inventories vary largely. Inventories prepared in the late
seventies and in the eighties of the 20th century were typically compiled at 1:25,000 scale,
chiefly through the interpretation of medium-scale aerial photographs, with limited field
checks. Publication of these inventories was usually at 1:100,000 scale (e.g., IRPI and Regione
Piemonte for Piedmont, Guzzetti and Cardinali (1989, 1990) for Umbria, and Antonini et al.
(1993) for Marche). More recent inventories were compiled at 1:10,000 scale through the
systematic interpretation of one or two sets of medium to large-scale aerial photograph, and
field checks (e.g., Fossati et al., (2002) for Lombardy, Antonini et al. (2002a) for Umbria). As
part of a large geological mapping project, the Geological Survey of the Emilia-Romagna
Region produced a geomorphological landslide inventory map at 1:10,000 scale. The
inventory was obtained through systematic field mapping aided by the interpretation of
medium-scale aerial photographs. A synoptic map showing the inventory was published at
1:250,000 scale (Bertolini et al., 2002). In 1999, the Italian Geological Survey lunched a
project to compile a geomorphological landslide inventory map, with associated database, for
the entire country. In this project the inventory map is produced at 1:25,000 scale, by
assimilating information obtained through the interpretation of aerial photographs with
information on landslides obtained from various historical and contemporary sources (Amanti,
2000; Amanti et al., 2001).
In the next three sub-sections, I illustrate two examples of geomorphological landslide
inventories prepared for the Umbria region, and I compare the two inventories, including a
discussion of the resources required to prepare the landslide maps.
3.3.2.1. Reconnaissance geomorphological landslide inventory map for the Umbria Region
Two landslide inventory maps have been made for the Umbria region. The first map is a
reconnaissance inventory prepared by Guzzetti and Cardinali (1989, 1990) as a reconnaissance
mapping effort aimed at obtaining general information on the distribution, abundance and type
of mass movements in Umbria (Figure 3.9). The reconnaissance inventory of Guzzetti and
Cardinali (1989, 1990) was partially revised by Antonini et al. (1993) for the Apennines
mountain chain. In 1999, the Regional Government of Umbria adopted the map as part of the
Regional Environmental and Urban Plan (Piano Urbanistico e Territoriale della Regione
dell’Umbria) (Guzzetti et al., 1999b).
The reconnaissance inventory was prepared by interpreting landslides observed on 1085 black
and white, vertical aerial photographs flown in the period from 1954 to 1956, at 1:33,000
scale. Interpretation of the aerial photographs was locally aided by field checks, and was
carried out by a team of two geomorphologists who worked simultaneously on adjacent strips.
Inasmuch as side-lap between the photographs was 20-30%, a considerable part of the territory
was analysed by both photo-interpreters. The landslide information, originally plotted on
transparent plastic sheets placed over the aerial photographs, was transferred to 35 topographic
maps, at 1:25,000 scale. Transfer of the landslide information to the base maps was
accomplished by using a combined optical and manual technique, aided by a large-format
photographic projector. The 35 quadrangles were then photographically reduced, assembled,
and redrawn for final publication at 1:100,000 scale. Due to the scale of the published map,
individual landslides with an area less than about one hectare were shown as points in the final
inventory map (Guzzetti and Cardinali, 1990).
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Figure 3.9 – Reconnaissance geomorphological landslide inventory map for Umbria. (A) Map showing
the spatial distribution of landslides, shown in red. (B) Legend of the reconnaissance inventory. (C)
Enlargement showing cartographic detail. Original scale 1:100,000. From Guzzetti and Cardinali
(1989).

48

Landslide mapping
Mapping of the landslides took 9 months, for an average of about 470 square kilometres per
man-month (Table 3.1). To obtain a digital version of the reconnaissance inventory map, the
line work used to publish the map was scanned with a large format cartographic scanner. The
raster representation of the geomorphological images was then changed into vector format
using a semi-automatic procedure, which allowed assigning attributes to each line segment and
to each point. Polygons were then constructed and labelled with appropriate codes. Preparation
of the landslide digital cartographic database took about 2 months of a GIS specialist (Table
3.1).
In the reconnaissance inventory map, landslides are classified by their prevalent type of
movement. For the purpose, a simplified version of the Varnes (1978) classification of mass
movements is used. Landslides are classified as: (i) rock fall, (ii) rotational slide, (iii)
translational slide, (iv) debris flow, debris slide or debris avalanche, and (v) complex slide,
including earth flow. A separate class is used to show landslides for which the type of
movement is undetermined. An additional class is adopted to identify hummocky topography
and areas where no landslides were clearly recognized by the interpreters, but where
morphological, geological and vegetation elements suggest the possible or probable presence
of one or several slope failures. The reconnaissance landslide map also shows major
escarpments, badlands and alluvial fans (Guzzetti and Cardinali, 1989, 1990).
In Umbria, the reconnaissance inventory shows 5277 landslide deposits, corresponding to an
average density of 0.6 landslides per square kilometre. The mapped landslides cover a total
area of 454.40 km2, 5.41% of the Umbria region. Landslides range in size from 3071 m2 to
3.08 km2, and the most frequent (abundant) landslide has an area of about 25,400 m2 (Table
3.1).
3.3.2.2. Detailed geomorphological inventory map for the Umbria Region
The second landslide inventory map to cover the Umbria region was compiled by Antonini et
al. (2002a) in the period from June 1999 to September 2001 (Figure 3.10) as part of a larger
effort aimed at a better assessment of landslide hazard and risk in Umbria (Guzzetti et al.,
1996, 2003; Cardinali et al., 2000, 2001, 2002; Antonini et al., 2002a,b; Reichenbach et al.,
2005).
A
digital
version
of
the
map
is
available
at
http://maps.irpi.cnr.it/website/inventario_umbria/umbria_start.htm. In 2002, the Regional
Government of Umbria and the Tiber River Basin Authority adopted the map as part of the
Tiber River watershed Master Plan (Piano di Bacino).
The new geomorphological inventory map was prepared at 1:10,000 scale by systematically
re-interpreting the 1:33,000 scale aerial photographs flown in the period between 1954 and
1956. In addition, two new sets of vertical aerial photographs, flown in 1977 at 1:13,000 scale
and in 1994 at 1:73,000 scale, were used. The first additional set was interpreted where flysch
deposits and lake and continental deposits crop out. The second additional set was used to
estimate the state of activity of the mapped landslides, at the date of the photographs.
Interpretation of the aerial photographs was aided by field surveys aimed at solving specific
interpretation problems. Production of the new map benefited from the experience gained in
the compilation of the reconnaissance map (Figure 3.9), from information on landslide types
and distribution compiled for selected areas in Umbria in the period from 1990 to 2000
(Carrara et al., 1991; Barchi et al., 1993; Toppi, 1993, Lattuada, 1996; Cardinali et al., 1994,
2000; Anonini et al., 2002b), and from the production of the Photo-geological and landslide
inventory map for the Upper Tiber River basin (Cardinali et al., 2001).
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A team of three geomorphologists completed the interpretation of the aerial photographs over
a period of 28 months, for an average of 101 square kilometres per man-month. Two team
members looked at each pair of aerial photographs using a mirror stereoscope (with a
magnification of 4×) that allowed both interpreters to map contemporaneously on the same
stereo pair. The third photo-interpreter, using a continuous-zoom stereoscope with a
magnification of up to 20×, independently reviewed, and where necessary updated and
corrected, the interpretations of the other two, and ascertained the activity of the mapped
landslides using the small scale aerial photographs flown in 1994.
The landslide information was first plotted on transparent plastic sheets placed over the aerial
photographs, and then transferred to 1:10,000 scale topographic maps. Transfer of the
landslide information to the base maps was accomplished visually. The landslide information
was then redrawn on stable, transparent sheets, which were individually scanned to obtain
black and white, raster images of each map sheet. A scanning resolution of 300 dpi was used,
which corresponds to a ground resolution of 0.1 m or less. The raster representation of the
geomorphological line images was then changed into vector format using a semi-automatic
procedure that allowed assigning attributes to each line segment. Polygons were then
constructed and labelled with the appropriate codes, depending on their geomorphological
properties. Lastly, map sheets were collected together in a geographical database, and colour
plots were prepared to test the digitisation procedure. Production of the GIS database took 24
months and was accomplished by four GIS specialists (Table 3.1).
In the new inventory, landslides are classified according to the type of movement (WP/WLI,
1990; Cruden and Varnes, 1996), the estimated depth, degree of activity, and mapping
certainty. Landslides are classified as: (i) rock fall, (ii) rotational slide, (iii) translational slide,
(iv) debris flow, (v) complex or compound movement, and (vi) deep-seated gravitational
deformation. For the deep-seated landslides, the crown area is mapped separately from the
deposit. Landslide characteristics, including type of movement, depth and estimated degree of
activity, were determined based on the local morphological characteristics, the appearance of
the landslide on the aerial photographs, and the lithological and structural setting, including
the attitude of the bedding planes with respect to the local slope. This is a significant
innovation over the reconnaissance inventory (§ 3.3.2.1), where landslides were identified
based solely on morphological criteria.
The new inventory shows 47,414 landslides, including 1563 debris flows and 131 rock falls
shown as points, for a total landslide area of 712.64 km2, 8.43% of Umbria. The new map also
shows: (i) 760 rock slopes identified as possible sources of rock falls, for a total area of 14.6
km2; (ii) 553 talus zones where rock fall deposits are abundant, for a total area of 12.1 km2;
and (iii) debris deposits, alluvial cones and alluvial fans, for a total area of 365.9 km2. Based
on the new inventory, landslide density in Umbria is 5.6 slope failures per square kilometre.
Mapped landslides extend in size from 5 m2 to 4.16 km2, with the most abundant (numerous)
landslides having an area of ~ 1515 m2 (Table 3.1). Landslides shown in the new
geomorphological inventory are mostly slides, slide-earth flows and complex or compound
slope movements. These types of movement represent the vast majority of the landslides
recognized in Umbria. Debris flows (5.3%) were recognized in the Apennines mountain chain,
where limestone predominates (Guzzetti and Cardinali, 1991, 1992). Rock falls and topples
are present in all lithological complexes, and are most common where hard rocks, mostly
limestone, sandstone, and volcanic rocks, crop out along steep slopes (Guzzetti et al., 1996,
2003). The age of most of the landslides in the map remains unknown, but the oldest and
largest failures are believed to be Holocene in age (Guzzetti et al., 1996).
50

Landslide mapping

.
Figure 3.10 – Detailed geomorphological landslide inventory map for Umbria. (A) Map showing the
spatial distribution of landslides, shown in red. (B) Main lithological domains in Umbria. (I) Recent
alluvial deposits, (II) post-orogenic, marine, lake and continental sediments, (III) volcanic rocks, (IV)
marly flysch (Marnosa Arenacea Fm.), (V) sandy flysch (Cervarola Fm.), (VI) Ligurian sequence,
(VII) carbonate complex (Umbria-Marche stratigraphic sequence). (C) Enlargement showing
cartographic detail for the same area shown in Figure 3.9. For map legend see text and caption of
Figure 3.2. Original scale 1:10,000. Map available at
http://maps.irpi.cnr.it/website/inventario_umbria/umbria_start.htm.
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Figure 3.11 – Landslide abundance in the main lithological types in Umbria. (II) post-orogenic,
marine, lake and continental sediments, (III) volcanic rocks, (IV) marly flysch (Marnosa Arenacea
Fm.), (V) sandy flysch (Cervarola Fm.), (VI) Ligurian sequence, (VII) carbonate complex (UmbriaMarche stratigraphic sequence). Recent alluvial deposits (I, Figure 3.10.B) don’t have landslides.

Inspection of Figure 3.10 reveals that landslides are not distributed evenly in the Umbria
region (Figure 3.11). Failures are most abundant in the flysch complex, where 50.7% of all
landslides were identified. Within this rock complex, the area where marly flysch crops out
exhibits the largest number of landslides (32.7%). In the post-orogenic sediments complex and
the carbonate complex landslide abundance is similar, 27.8% and 20.7%, respectively.
Landslides are less abundant in the volcanic complex (0.8%). In this lithological domain, slope
failures initiate moslty in the underlying marine clays and affect only the edge of the volcanic
hard cap (Guzzetti et al., 1996)
3.3.2.3. Comparison of the two geomorphological inventory maps in Umbria
A general comparison of the two regional geomorphological inventories is possible. As it is a
detailed update of a previous reconnaissance mapping (Figure 3.9), the new geomorphological
inventory (Figure 3.10) has improved the quality and spatial resolution of the landslide
information. In the new – and more detailed – inventory, landslides are mapped more
accurately, landslide boundaries follow more precisely the actual landslide geometry, better
fitting morphological and lithological constrains (i.e., drainage lines, lithological boundaries,
faults, bedding attitude, etc.).
The new geomorphological mapping resulted in an increase of 570% in the number of mapped
landslides, and of 151% in the total extent of landslide area, with respect to the previous
reconnaissance mapping. These figures quantify the improvement obtained with the new
geomorphological inventory map. Visual comparison of the reconnaissance (Figure 3.9) and
the detailed (Figure 3.10) geomorphological inventories confirms the better quality of the new
mapping. Limited to the outcrop of lake and continental deposits, where large-scale (1:13,000
scale) aerial photographs were used in addition to the medium-scale photographs, the marked
increase in the number and of the total area of mapped landslides is due to the larger scale of
the photographs, that allowed for the recognition of smaller slope failures. Where flysch
deposits crop out, interpretation of large-scale (1:13,000 scale) aerial photographs added
limited new information, but allowed for an improved mapping of the landslide boundaries,
and a better definition of the internal subdivisions of large landslide deposits.
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I will attempt a more comprehensive comparison of the two regional geomorphological
landslide inventories in § 3.4.1, where I will compare the two geomorphological landslide
maps to a detailed multi-temporal landslide map prepared for the Collazzone area (§ 2.4).
Table 3.1 – Main characteristics of the two geomorphological inventory maps available for the Umbria
Region. (I) Reconnaissance landslide inventory prepared by Guzzetti and Cardinali (1989, 1990)
(Figure 3.9, § 3.3.2.1). (II) Detailed geomorphological landslide inventory prepared by Antonini et al.
(2002a) (Figure 3.10, § 3.3.2.2).
Type of inventory
Date of inventory
Area extent
Sets of aerial photographs

year
km2

Map I

Map II

Reconnaissance
1987-88
8456
1

Geomorphological
1999-2001
8456
2 (+1)
1:33,000, 1:13,000
(1:73,000)
1:10,000
1:10,000
28
3
101
20
4
47,414
712.64
8.43
5.6
5
4.16
12,058
~ 1380

Scale of aerial photographs

1:33,000

Scale of topographic base map
Scale of final (published) map
Time for photo-interpretation
Team for photo-interpretation
Rate of photo-interpretation
Time for database construction
Team for database construction
Total number of mapped slides
Total area affected by landslides
Percent of area affected by slides
Landslide density
Smallest mapped landslide
Largest mapped landslide
Average size of landslides
Size of most abundant landslide

1:25,000
1:100,000
9
2
470
2
1
5277
454.40
5.41
0.6
3071
3.08
84,169
~ 25,400

month
people
2
km / man-month
month
people
#
km2
%
#/ km2
m2
km2
m2
m2

3.3.3. Event inventories
An event landslide inventory map shows all the slope failures triggered by a single event, such
as an earthquake (e.g., Govi and Sorzana, 1977; Harp et al., 1981; Agnesi et al., 1983; Harp
and Jibson, 1995; Antonini et al., 2002b), rainstorm or prolonged rainfall period (e.g., Govi,
1976; Baumm et al., 1999; Bucknam et al., 2001; Guzzetti et al., 2004; Sorriso-Valvo et al.,
2004; Cardinali et al., 2005), or rapid snowmelt event (Cardinali et al., 2000). Event
inventories are commonly prepared by interpreting large to medium scale aerial photographs
taken shortly after the triggering event, supplemented by field surveys, often very extensive.
Good quality event inventories should be reasonably complete, at least in the areas for which
aerial photographs were available and where it was possible to perform fieldwork. As a
drawback, for practical reasons event inventories often cover only a part of the total
geographic area associated with a landslide triggering event.
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In the next sub-sections (§ 3.3.3.1 to § 3.3.3.2), I illustrate three examples of event landslide
inventory maps prepared for selected areas in Umbria following landslide triggering events.
The three inventory maps were prepared for: (i) the 1937-41 rainfall period (Figure 3.12.A),
(ii) the January 1997 snowmelt event (Figure 3.12.B), and (iii) the September-October 1997
earthquake sequence (Figure 3.12.C). To prepare the three inventories, landslides were
mapped on the same topographic maps used to compile the detailed geomorphological
inventory map (Figure 3.10), i.e., CTR base maps at 1:10,000 scale. This facilitates the
comparison of the three event inventories (§ 3.3.3.4 and Table 3.2), and of them with the detail
gemorphological inventory map (§ 3.3.2.2).
3.3.3.1. Landslides triggered by prolonged rainfall in the period from 1937 to 1941
The period between the summer of 1937 and the spring of 1941 was particularly wet in
Umbria. In the period, the regional mean annual precipitation (MAP) was 1186 mm, 29.5%
higher than the average MAP for the period between 1921 and 2000. Particularly severe
rainfall events occurred on 6-7 October 1937, on 16-18 December 1937, on 14-15 May 1939,
on 25 October 1940, and on 20 February 1941. During these events rainfall intensity locally
exceeded 200 mm in one day. Some of the events affected limited areas, and other events
involved the entire region. Precise information on the dates of slope failures occurred during
this long wet period is not available. Archive information for the period is also scant, due the
reduced number of elements at risk, but probably also as a result of the undemocratic
administration. Interpretation of the aerial photographs revealed extensive and widespread
landslides in most of the areas where the aerial photographs are available. Aerial photographs
were taken in central Umbria in June 1941. The black-and-white photographs were taken both
vertically (at an approximate scale of 1:18,000) and obliquely. Through the interpretation of
60 aerial photographs, covering an area of about 135 km2 between Deruta and Todi in central
Umbria, a detailed landslide inventory map was prepared at 1:10,000 scale for landslides
triggered between September 1937 and May 1941 (Figure 3.12.A). The inventory contains
1072 landslides, for a total landslide area of 4.38 km2, 3.26% of the study area (Table 3.2).
The average landslide density was 8 landslides per square kilometre, but locally landslide
density was much higher, exceeding 50 landslides per square kilometre. Landslides were
mostly shallow soil slides (65.0%), flows (23.7%), and earth flows (9.8%). Deep seated
failures (1.5%) were translational and rotational slides, and complex slump-earth flows. Quite
certainly, the numerous landslides caused damage at several localities. However, information
on landslide damage is scarce, and for many areas inexistent.
3.3.3.2. Landslides triggered by rapid snow melt in January 1997
In January 1997, the rapid melting of a thick snow cover caused abundant landslides in the
Umbria region. Cardinali et al. (2000) conducted field investigations immediately after the
event to identify and map the landslides, and to identify the areas where slope failures were
most abundant. In these areas aerial photographs at approximately 1:20,000 scale were taken
three months after the event, covering an area of 1896 square kilometers. Interpretation of the
aerial photographs taken after the event allowed prepering a detailed event inventory map,
compiled at 1:10,000 scale (Figure 3.12.B). The entire inventory lists 4235 landslides, for a
total landslide area of 12.7 km2 (Table 3.2). This corresponds to 0.15% of the Umbria region
and to 0.22% of the investigated area (5664 km2). In the area where aerial photographs were
available mapped landslides were 3837, covering 11.20 km2, 0.59% of the study area. Damage
caused by slope failures to buildings and to the infrastructure was reported at 39 sites. Damage
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to the agriculture was also severe. At several places wheat fields were severely affected by
landslides. At many of these sites wheat was killed by the landslide and therefore not
harvested.
3.3.3.3. Landslide triggered by earthquakes in September-October 1997
On 26 September 1997 the Umbria-Marche area of central Italy was shaken by two
earthquakes of 5.6 and 5.8 local magnitude (ML). On 14 October 1997 the same area
experienced another earthquake of similar magnitude (ML = 5.5). Following the main shocks
field surveys were performed to map landslides triggered by the earthquakes, and to determine
the main landslide types. Besides mapping landslides and co-seismic ground fractures, a
detailed photo-geological and landslide inventory map was prepared for the area most affected
by the earthquakes (Antonini et al., 2002).
Information collected at 220 sites (Figure 3.12.C) and interpretation of aerial photographs
taken after the earthquakes revealed that landslides were mostly rock falls, minor rockslides
and topples that accounted for 93% of all the reported mass movements. The other landslides
were equally distributed between debris falls or debris slides, and complex slides. New
fractures were mapped in pre-existing landslide deposits, but no major landslide was
reactivated to the point of catastrophic failure. Spatial analysis of the triggered slope failures
showed that the distribution of rock falls fitted the observed macro-seismic intensity pattern.
About 50% of all reported failures occurred within 8 km from the epicentral area, and the
maximum observed distance of a landslide from one of the epicentres was 25 km. Slope
failures caused damage mostly to the transportation network. Two state roads (SS 320 and SS
209) connecting Terni, to the south, with Visso, Norcia and Cascia, to the north and north-east,
were damaged at several places by numerous rock falls ranging from small cobles to rock
slides 200 m3 in volume. Casualties due to landslides were not reported, but at least one car
was damaged by a rock fall.
3.3.3.4. Comparison of the three event inventories in Umbria
The three event inventories, prepared for events (or group of the events in the case of the
1937-1941 period) that occurred in Umbria between 1937 and 1997, provide useful
information on the type, extent, persistence and abundance of slope failures caused by
landslide triggering events. Comparison in a GIS of the spatial distribution of landslides
triggered by the 1937-1941 rainfall period and the January 1997 snowmelt event, with the
geographical distribution of the pre-existing landslides shown in the geomorphological
inventory map (Figure 3.10, § 3.3.2.2) allows for estimating the spatial persistence of
landslides. Approximately 89% of all the rainfall induced landslides triggered in the period
1937-1941 were located inside or within 150 meters from a pre-existing landslide. Similarly,
about 75% of the snowmelt induced landslides fell inside pre-existing landslide deposits, i.e.,
they were reactivations, or they were located within 150 meters of an existing landslide.
This is an important information for the assessment of landslide hazard in Umbria (Guzzetti et
al., 1999b, 2003; Cardinali et al., 2002a) because it provides the rationale for attempting to
evaluate where landslides may cause damage in the future based on where landslides have
occurred in the past using accurate landslide inventory maps.
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Figure 3.12 – Landslide event inventories in Umbria. Red lines show extent of study areas. (A)
Landslides triggered by rainfall in 1937-1941. (B) Landslides triggered by rapid snowmelt in January
1997 (Cardinali et al., 2000). Blue line shows extent of the area for which aerial photographs are
available. (C) Landslides triggered by the September-October 1997 earthquakes (Antonini et al.,
2002). Lower maps are enlargements of portions of the upper maps. Original maps at 1:10,000 scale.
Table 3.2 – Comparison of landslide event inventories in Umbria. (I) Rainfall induced landslides in the
period 1937-41 (1), and snowmelt induced landslides in January 1997 (2a) entire study area; (2b) area
where aerial photographs were available). (II) September-October 1997 earthquake induced landslides.
NLT, total number of landslides; ALT, total landslide area; ALmin, ALmax, ĀL, minimum, maximum,
average landslide area; VLT, VLmin, VLmax, VL, similar values for landslide volume; dL, landslide density.
I

Event

Trigger

Mapped area

(1)

1937-1941

Rainfall events

km2
~ 135

(2a)

January 1997

Snowmelt

~ 5660

(2b)
II

(3)

56

January 1997
Event

Sep.-Oct. 1997

Snowmelt
Trigger

Earthquakes

~ 1900
Mapped area

Inventory statistics
ALmin
ALmax
km2
km2
-5
7.3×10
1.1×10-1

NLT
#
1072

ALT
km2
4.4

ALT
%
3.26

4235

12.7

0.22

3.9×10-5

0.59

-5

3837

11.2

km2

NLT
#

VLT
m3

~ 1100

220

878.2

ĀL
km2
4.0×10-3

DL
#/km2
8.0

1.5×10-1

3.0×10-3

0.7

-1

-3

2.0

1.5×10
3.9×10
Inventory statistics
VLmin
VLmax
m3
m3
9.9×10-5

2.0×10+2

2.9×10
VL
m3

DL
#/km2

5.7×100

0.2
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Guzzetti et al. (2003) attempted a comparison of the effects of the three landslide events on the
transportation network. The analysis revealed that the largest number of sites with damage was
reported as a result of earthquake induced landslides, mostly because of their proximity to the
transportation network in the area affected by the earthquakes. Rock falls can be abundant
even in areas of limited extent, and they can be very dangerous to people and destructive to
structures even for small volumes (less than one cubic meter). In the mountain area where
seismic shaking was most severe in 1997, roads most affected by the rock falls were located at
or near the valley bottom. Landslides triggered by the rapid snowmelt in 1997 and by rainfall
events in the period 1937-1941 were similar, and comprised shallow soil slides, slumps and
slump-earth flows, and deep-seated slides, slide earth-flows and complex movements. These
landslide types move slowly and with generally limited displacements. These types of
movement explains why roads were damaged at several places, but were totally interrupted at
only a few sites. It may also explain why landslides did not cause casualties. Despite the fact
that the abundance of landslides and the average landslide density for the two events were
different, the percentage of landslides that interfered with the transportation network was
similar, 2.7% for the 1937-1941 rainfall events and 2.5% for the January 1997 snowmelt
event. This may be important information for landslide risk assessment in Umbria.

3.3.4. Multi-temporal inventories
A multi-temporal landslide map is the most advanced form of landslide inventory. It shows the
location and types of failures in an area, and portrays their recent evolution in space and time.
Preparing a multi-temporal inventory is a difficult and time consuming operation that involves
the assimilation of multiple information, including: (i) information obtained by systematically
interpreting all the aerial photographs available for a study area, irrespective of age, scale and
type of the photographs; (ii) data gathered through field surveys, conducted primarily after
landslide triggering events; (iii) information on the occurrence of historical landslide events,
obtained by searching multiple archive and bibliographical sources; and where available, (iv)
information on ground movements obtained through field instrumentations, topographic
surveys, and remote sensing technologies (e.g., SAR, Lidar, etc.). Because of the difficulty and
complexity in preparing a multi-temporal inventory, these maps are rare, and where they are
available they cover areas of limited extent, ranging from few tens to few hundreds of square
kilometres (e.g., Hovius et al., 1996; Larsen and Torres-Sánchez, 1996, 1998; Cardinali et al.,
2004; Galli et al., 2005; Guzzetti et al., 2005).
Difficulties in preparing a multi-temporal inventory map include: (i) the availability of
multiple sets of aerial photographs for the same area, that locally limits the possibility of
producing the multi-temporal inventory; (ii) the ability to recognize, interpret, and map subtle
morphological changes as slope movements; (iii) the difficulty of inferring consistently the
age of the landslides based on their morphological appearance, particularly when the time
between two successive flights is long (e.g., a decade or even larger); (iv) the possibility of
mapping landslides of different age (obtained from different flights) on the same topographic
maps, which may not portray the topography present on the aerial photographs (every time a
landslide occurs it changes topography, locally significantly, but this is not shown in the base
map); and (v) the difficulty of being precise and consistent when transferring the information
on landslides from the aerial photographs to the base maps and in a GIS without loosing
information or introducing errors (where morphological changes are subtle it may be difficult
to map and digitize the changes). To overcome these limitations, multi-temporal inventory
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3.3.4.1. Multi-temporal landslide inventory for the Collazzone area
For the Collazzone area, in central Umbria (§ 2.4), a multi-temporal landslide inventory map
was prepared at 1:10,000 scale (Figure 3.13). The map was prepared through the interpretation
of multiple sets of aerial photographs and detailed geological and geomorphological field
mapping conducted in the period from January to March 1997, in the summer and autumn
2002, and in the period from September 2003 to April 2004. The six sets of aerial photographs
used to prepare the multi-temporal map were taken: (i) in the summer of 1941 at 1:18,000
scale, (ii) on 30 August 1954 at 1:33,000 scale, (iii) on 13 June 1977 at 1:13,000 scale, (iv) on
1 July 1985 at 1:15,000 scale, (v) on April 1997 at 1:20,000 scale, and (vi) in the summer
1999 at 1:40,000 scale.
A team of two geomorphologists carried out the interpretation of the aerial photographs in the
5-month period from July to November 2002, for an average of 8 square kilometres per manmonth. The two interpreters looked at each pair of aerial photographs using a mirror
stereoscope (4× magnification) and a continue-zoom stereoscope (3× to 20× magnification).
Both stereoscopes allowed the interpreters to map contemporaneously on the same stereo pair.
The interpreters used all morphological, geological and landside information available from
published maps, previous work carried out in the same area (including the two described
regional inventories, shown in Figures 3.9 and 3.10), and discussion with other geologists and
geomorphologists. Care was taken in identifying areas where morphology had changed in
response to mass movements, and to avoid interpretation errors due to land use modifications
or to the different views provided by aerial photographs taken at different dates.
The landslide information was drawn on transparent plastic sheets placed over the aerial
photographs. Depending on the local abundance and complexity of the landslides, a single
sheet or multiple sheets were used to map landslides of different ages (i.e., identified on aerial
photographs of different dates). To transfer the landslide information from the aerial
photographs to the base maps, at 1:10,000 scale, and to construct the GIS database, the
procedure used to prepare the detailed geomorphological inventory (§ 3.3.2.2, Figure 3.10)
was adapted to cope with larger and more complex landslide information. In the GIS database,
landslides attributed to a single date (e.g., a rainfall event) or period were stored separately.
Following this procedure, new and active landslides recognized, e.g., in the 1977 aerial
photographs were stored in a separate layer than the landslides mapped as inactive in the same
photographs. The procedure required intensive and time-consuming GIS work to correct
topological and geographical errors. The obtained GIS database stores information on
landslides attributed to twelve different dates or periods. The combination of the different
layers represents the multi-temporal landslide inventory map.
In the multi-temporal inventory map, landslides are classified according to the type of
movement, and the estimated age, activity, depth, and velocity. Landslide type is defined
according to Cruden and Varnes (1996). Adopting the same procedure used to compile the
detailed geomorphological inventory for Umbria (§ 3.3.2.2, Figure 3.10), for deep-seated slope
failures, the landslide crown is mapped separately from the deposit. The distinction is not
made for shallow landslides. Landslide age, activity, depth, and velocity were determined
based on the type of movement, the morphological characteristics and appearance of the
landslides on the aerial photographs, the local lithological and structural setting, and the date
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of the aerial photographs. Landslide age is defined as recent, old or very old, despite
ambiguity in the definition of the age of a mass movement based on its appearance (McCalpin,
1984). The multi-temporal inventory map for the Collazzone area shows 2564 landslides, for a
total mapped landslide area of 22.14 km2 (Table 3.3), which corresponds to a landslide density
of 32.2 slope failures per square kilometre. Due to geographical overlap of landslides of
different periods, the total area affected by landslides in the study area is 16.47 km2, 20.69%
of the investigated territory. Mapped landslides extend in size from 78 m2 to 1.45 km2, and the
most frequent slope failures shown in the map have an area of about 815 m2 (Table 3.3).

Figure 3.13 – Multi-temporal landslide inventory map for the Collazzone area. Landslides are
portrayed with different colours, showing relative age, decided based on the date of the aerial
photographs and the morphological appearance of the landslides. Original scale 1:10,000.
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Table 3.3 – Main characteristics of the multi-temporal landslide inventory map prepared for the
Collazzone area (Figure 3.13). See Table 3.1 for a comparison with the two regional geomorphological
inventory maps (Figures 3.9 and 3.10).
Type of inventory
Multi-temporal
Date of inventory
year
2002 (2003-4)
2
Area extent
km
78.8
Sets of aerial photographs
1/m
5
Scale of aerial photographs
1/m
1:13,000 to 1:33,000
Scale of topographic base map
1/m
1:10,000
Scale of final (published) map
1/m
1:10,000
Time for photo-interpretation
month
5
Team for photo-interpretation
people
2
2
Rate of photo-interpretation
km / man-month
8
Time for GIS database construction
month
1
Team for GIS database construction
people
1
Total number of mapped landslides
#
2564
2
16.47
Total area affected by landslides
km
Percent of area affected by landslides
%
20.90
2
Landslide density
#/ km
32.5
2
Smallest mapped landslide
m
78
2
Largest mapped landslide
km
1.45
2
Average size of mapped landslide
m
6421
2
Size of most abundant landslide
m
~ 815

The average density of mass movements in the Collazzone area is 28 landslides per square
kilometre but, in places, the density of slope failures is higher, exceeding 50 landslides per
square kilometre. The majority of the mapped landslides are slides (76%). The remaining
failures are equally distributed between flows (12%) and slide-earth flows (12%).
Cardinali et al. (2004) used the multi-temporal inventory map to investigate the spatial and
temporal evolution of landslides in the Collazzone area. These authors extracted from the
multi-temporal map all the landslides that were classified as active in each set of aerial
photographs or during the field surveys. This allowed preparing a set of landslide maps,
showing only active landslides of different ages. These maps are a proxy or event landslide
inventories. The obtained maps were analysed separately and in combination, and the analysis
revealed that the 1941 event was particularly severe and triggered many new and large
landslides. The subsequent events triggered fewer, and generally smaller, landslides. The GIS
analysis also revealed that landslide persistence is high when considering the ensemble of all
pre-existing slope failures, but low or very low when comparing two consecutive inventories.
In § 6.5.1, I will exploit landslide information shown in the multi-temporal inventory map
prepared for the Collazzone area to show how to validate a landslide susceptibility assessment,
and to propose a general framework for the evaluation of the reliability and prediction skill of
a landslide susceptibility forecast.
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3.4. Factors affecting the quality of landslide inventories
A recognized limitation of landslide inventory maps refers to their intrinsic subjectivity, and to
the difficulty of measuring their reliability and completeness (Guzzetti et al., 2000; Malamud
et al., 2004a). Reliability, completeness and resolution are issues to consider when preparing
and using an inventory map. An incomplete or unreliable inventory may result in erroneous
susceptibility, hazard, and risk assessments.
The reliability of archive inventories depends largely on the quality and abundance of the
information sources (Guzzetti et al., 1994; Ibsen and Brunsden, 1996; Glade, 1998; Cruden,
1997; Glade, 2001). For inventory maps compiled through the interpretation of aerial
photographs, the experience gained from surveys carried out in different parts of the world has
shown that trained investigators can reliably detect landslides by standard photo-interpretation
techniques coupled with systematic checks in the field (Soeters and van Westen, 1996; Rib
and Liang, 1978). However, the reliability of these inventories (geomorphological, event or
multi-temporal) depends on many factors, including: (i) landslide freshness and age, (ii) the
persistence of landslide morphology within the landscape, (iii) the type, quality and scale of
aerial photographs and base maps, including the scale of the final map, (iv) the morphological
and geological complexity of the study area, (v) land use types and alterations, (vi) the quality
of the stereoscopes used to analyse the aerial photographs, and (vii) the degree of experience
of the interpreter who completes the inventory (Hansen, 1984; Fookes et al., 1991; Carrara et
al., 1992; Ardizzone et al., 2002).
Once a landslide is recognized in the field or from the aerial photographs it must be mapped,
i.e. information about the landslide’s location and characteristics is obtained and transferred
onto paper. This operation is not trivial and is prone to errors. Since absolute coordinates of
the boundaries of a landslide are seldom available, the geomorphologist uses available base
maps and the topographical and morphological features shown on the maps to locate the
landslide. Where the topographic map is accurate and shows the actual morphology, and
where landslides have a distinct morphological signature, locating and mapping the landslide
is straightforward and subject to little uncertainty. Where the topographic map does not
represent faithfully the morphology or the landslide is not very distinct, significant location
and mapping errors are possible. In placing the landslide on the topographic map, the
geomorphologist uses all of the information on the map, including the position and shape of
divides and drainage lines, the pattern of vegetation and land use, and the presence of
vulnerable elements (e.g. roads, buildings, etc.). If these are not shown correctly or are
incomplete, the mapping can be affected by errors and uncertainties. Consequently, the
reliability of a landslide inventory map varies spatially, depending on morphology,
hydrography, land-use pattern, presence of forest, and abundance and location of vulnerable
elements. In addition, for large-scale landslide inventory maps (>1:20,000) the landslide and
the topographic information are strictly coupled. Thus, landslides should be shown only with
the topographic maps used to prepare the inventory.
Once the landslide has been mapped on paper, the information is digitized for further analysis
and display. This last step in the production of a landslide inventory is also error-prone, and
can introduce a variety of cartographic errors, some severe. An error in the location of a
landslide boundary of only 1-2 mm on the topographic map (i.e. 10-20 m on the ground at
1:10 000 scale) may result in >5 per cent difference in landslide area for small (<1 ha) slope
failures. After landslides are transferred to a GIS, computations of landslide areas are possible.
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Any vector-based GIS system can calculate the area and perimeter of polygons used to
represent the landslide. Thus, for a single landslide, computation of its area is straightforward.
If the landslide deposit is mapped separately from the crown or depletion zone, the two will
have to be combined before the total landslide area is computed. This operation can be
performed automatically in a GIS, provided the polygons representing the landslides are
properly coded. The coding operation is usually simple, but time-consuming, particularly for
large datasets.
Landslide areas and perimeters obtained from the GIS are planar (i.e. projected) measurements
that differ from the real ones. Ideally, one would prefer to know the actual area and perimeter
of a landslide. Where a digital elevation model is available, local slope can be computed in a
GIS and measurements of landslide perimeter and area corrected for topographic gradient.
However, this operation is seldom done.
No standard procedure or absolute criteria has been established to measure the quality of a
landslide inventory map. Most commonly, the quality of a landslide inventory map is
ascertained by comparison with other landslide maps, available for the same or similar area, or
prepared by the same geomorphologist or team of geomorphologists (e.g., Carrara et al., 1992;
Galli et al., 2005). Ideally, comparison of two or more inventories should be aimed at
determining how well the maps perform in: (i) describing the location, type, and abundance of
landslides, (ii) determining the statistics of landslide areas, and (iii) providing reliable
information to construct landslide susceptibility or hazard models. Significantly, these are the
most important uses of landslide inventory maps. For the purpose, different tests can be
performed to: (i) evaluate the degree of cartographic matching between the maps, (ii) compare
the geographical abundance of landslides in the inventories, (iii) compare the frequency-area
statistics of the landslides obtained from the inventories, and (iv) evaluate landslide
susceptibility assessments obtained using the available inventories.
For the Collazzone area, three different landslide inventory maps are available, i.e. the two
regional landslide maps discussed in § 3.3.2.1 and § 3.3.2.2, and the multi-temporal landslide
map discussed in § 3.3.4.1. This opportunity can be exploited to test methods to compare
landslide inventory maps to ascertain their quality. In the following sub-section, I will perform
a preliminary analysis of the three inventories, discussing the main cartographic differences of
geomorphological significance between the three landslide maps obtained through a simple
GIS analysis. In § 4.2.2.1, I will further compare the three inventories in an attempt to
determine the degree of cartographic matching between the three different landslide maps, and
their ability to describe the distribution and density of slope failures in the Collazzone area.
Lastly, in § 5.3 I will exploit the probability density distributions obtained for the three
inventories to determine the degree of completeness of the individual landslide maps.

3.4.1. Quality of landslide inventory maps in the Collazzone area
Figure 3.14 shows the three landslide inventory maps available for the Collazzone area, and
Table 3.4 summarizes the main descriptive statistics for the three landslide maps. Inspection of
Table 3.4 reveals a distinct increase in the number of landslides with enhanced accuracy of the
mapping. The detailed geomorphological inventory (B in Figure 3.14) shows 44.6% of the
total number of landslides shown in the multi-temporal inventory (C in Figure 3.14). The
percentage reduces to 5.6% for the reconnaissance inventory (A in Figure 3.14). Results are
different if the area of the mapped landslides is considered. The detailed geomorphological
inventory shows 48.6% (8.00 km2) and the reconnaissance inventory shows 47.1% (7.75 km2)
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of the total area covered by landslides (16.47 km2) in the multi-temporal inventory. The
disparity in the number and in the area of the mapped landslides indicates that differences exist
in the average size of the slope failures shown in the three landslide maps (Table 3.4). Indeed,
the average landslide area in Map A (78,287 m2) is approximately 10 times larger that the
average landslide area shown in Map B (7526 m2) and in Map C (8634 m2). This is a
significant difference for landslide hazard assessment. When compared to Map B, the slightly
larger extent of the average landslide area shown in Map C is due to the presence of a few very
large landslides (area > 1 km2), erroneously not shown in the geomorphological inventory
(Map B). Table 3.4 also shows that the area the most frequent landslide decreases with the
increase in the completeness of the inventories. This area is ~ 32,000 m2 for the
reconnaissance inventory (Map A), ~ 1170 m2 for the geomorphological inventory (Map B),
and ~ 815 m2 for the more accurate multi-temporal inventory (Map C). This is also a
significant difference for landslide hazard assessment.

Figure 3.14 – Comparison of three landslide inventory maps available for the Collazzone area. (A)
Reconnaissance geomorphological inventory (from Figure 3.9, § 3.3.2.1). (B) Detailed
geomorphologic inventory (from Figure 3.10, § 3.3.2.2). (C) Multi-temporal inventory (Figure 3.14, §
3.3.4.1).

Differences between the three landslide maps have many reasons. The different scales of the
base maps used to draw the landslides (1:25,000 for Map A, 1:10,000 for Map B and Map C)
and of the maps used to construct the GIS database (1:100,000 for Map A, 1:10,000 for Map B
and Map C) contributed to the cartographic error, which was largest for the small-scale map
(Map A). The type of study (i.e., reconnaissance, geomorphological, multi-temporal), which
was a function of the time and the resources available to complete the investigation, also
affected the accuracy of the mapping. Comparison of the figures shown in Tables 3.1, 3.3 and
3.4 suggests that the longer the time available for the investigation, the better the resulting
inventory map.
The scale, type, date and number of the aerial photographs used to complete the investigation,
and the amount of field work associated with the mapping, have certainly influenced the
quality of the obtained inventory maps. Only one set of medium scale aerial photographs was
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used to compile Map A, two sets of photographs were used to recognize the landslides shown
in Map B, and six sets of photographs of different dates were used to obtain Map C (Figure
3.1).
Table 3.4 – Main characteristics of the three landslide inventory maps available for the Collazzone
area. Map A, portion of the reconnaissance landslide inventory (§ 3.3.2.1, Figure 3.15.A) covering the
Collazzone area. Map B, portion of the geomorphological landslide inventory (§ 3.3.2.2, Figure
3.15.B) covering the Collazzone area. Map C, multi-temporal inventory map for the Collazzone area (§
3.3.4.1, Figure 3.15.C).
Map A

Map B

Map C

Total number of mapped landslides
#
143
1143
Total mapped landslide area
km2
7.75
8.60
2
Total area covered by landslides
km
7.75
8.00
Percent of landslide area
%
9.73
10.05
Landslide density
#/ km2
1.79
14.36
Smallest mapped landslide
m2
12,174
99
2
Largest mapped landslide
km
0.62
0.29
Average size of mapped landslide
m2
78,287
7526
~ 32,000 ~ 1170
Area of most abundant mapped landslide
m2

2564
22.14
16.47
20.69
32.19
78
1.45
8634
~ 815

The amount of field work was very limited for the reconnaissance inventory (Map A), limited
for the geomorphological inventory (Map B), and extensive for the multi-temporal inventory
(Map C). Where field work was performed errors and imprecision were corrected, and the
geomorphologists were able to test and refine the photo-interpretation criteria used to
recognize and map the landslides from the aerial photographs. The availability of additional
geological, morphological and landslide information contributed to the quality of the inventory
maps. The information was extremely limited for Map A, abundant for Map B, and very
abundant for Map C. The photo-interpretation technique and the experience of the
geomorphologists who completed the three inventories improved with time, resulting in a
more accurate mapping. For the production of the reconnaissance inventory (Map A) the
interpreters based landslide identification solely on the morphological appearance of the
landslides. When preparing the detailed geomorphological map (Map B), in addition to the
morphological appearance of the landslides, the interpreters considered the local lithological
and structural settings, including the bedding attitude. For the compilation of the multitemporal inventory (Map C), in addition to the morphological appearance and the local
lithological and structural setting, the investigators considered the spatial evolution of the
individual landslides. The improved interpretation technique resulted in less interpretation
errors and in a better accuracy and completeness of the resulting landslide map.
Based on these considerations, one can safely rank the multi-temporal inventory (Map C) the
best of the three available landslide maps in the Collazzone area. However, as I said before,
other tests can be made to confirm this result. These tests will be conducted in the next
chapters (e.g., § 4.2.2.1, § 5.3.1).
The rate of photo-interpretation, which is the average number of square kilometres of an
inventory that a single investigator can complete in a unit of time (e.g., a month, Tables 3.1
and 3.3), provides a measure of the resources needed to prepare an inventory – an interesting
parameter to compare landslide maps. The rate for the multi-temporal mapping (Map C) was
13-time higher than the rate for the geomorphological mapping (Map B), and 60-time higher
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than the rate for the reconnaissance mapping (Map A). This implies that the team of two
geomorphologists that completed the multi-temporal inventory map for the Collazzone area in
5 months would need 45 years to cover the entire Umbria Region (8456 km2), assuming the
team uses the same technique and the same sets of aerial photographs. The figure compares
with the 28 months needed by a team of three geomorphologists to complete the
geomorphological map, and with the 9 months required by a team of two interpreters to
compile the reconnaissance inventory (Table 3.1).
Based on these figures, I conclude that it is probably not feasible to prepare an accurate multitemporal inventory map for the entire Umbria Region – or an area of similar extent and
morphological complexity – with the proposed methodology. More generally, I conclude that
at the regional scale, i.e., for areas extending for thousands of square kilometres, only
geomorphological or event inventories can be obtained by teams of experienced
geomorphologists. This somewhat limits the possibility of preparing reliable landslide hazard
maps for large territories (§ 7).

3.5. Summary of achieved results
In this chapter, I have:
(a) Demonstrated the feasibility of landslide inventory maps that reliably cover areas
extending for thousands of square kilometres. However, such maps need to be prepared by
experienced geomorphologists.
(b) Demonstrated the feasibility and importance of landslide event inventory maps. From
such inventories, unique information is obtained which is of primary importance to
determine landslide hazard and to evaluate the associated risk.
(c) Shown that multi-temporal inventory maps prepared through the assimilation of multiple
information are a superior type of landslide map. However due to their complexity, such
maps can be prepared only for areas of limited extent.
(d) Established the basis for measuring the quality of landslide inventory maps, which allows
for a comparison of different maps prepared for the same area.
This largely responds to Questions # 1 and # 2 posed in the Introduction (§ 1.2).
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4. ANALYSIS OF THE INVENTORIES
Super competence
is worst than incompetence.
The cost of an expertise is proportional
to the number of words you understand.

The information shown on landslide inventories can be used for a variety of analyses,
including: (i) investigating landslide spatial abundance, through the production of landslide
density maps; (ii) comparing inventory maps obtained from different sources (e.g., archive and
geomorphological) for the same area; (iii) evaluating the completeness of the inventories; (iv)
ascertaining landslide geographical persistence, by comparing event and geomorphological
inventories; (v) estimating the frequency of slope failure occurrence, by analysing historical
catalogues of landslide events or multi-temporal inventory maps; (vi) obtaining the statistics of
landslide size; (vii) ascertaining landslide susceptibility and hazards, including the validation
of the obtained susceptibility and hazard forecasts; (viii) determining the possible impact of
landslides on built-up areas or the infrastructure; and (ix) contributing to establish levels of
landslide risk. The quality and reliability of the different analyses obtained from a landslide
inventory depend largely (often entirely) on the quality and completeness of the original
landslide map. For this reason, one should always: (i) aim at compiling accurate and precise
inventories, (ii) document the sources of information used to obtain the inventories, (iii)
accurately describe the techniques, methods and tools used to prepare or compile the
inventories, and (iv) try to assess the completeness of the obtained inventories. Limitations of
landslide inventories should always be known (i.e., explicit and clear) to the users of the maps
or the archives.
In this chapter, I discuss some of the possible applications of landslide inventories. I first
demonstrate the construction and use of landslide density maps. I then show methods to
compare geomorphological and historical inventories. I discuss an index to quantify the degree
of matching between inventories, and I show an application for the comparison of the three
landslide maps available for the Collazzone study area. I further discuss the issue of the
completeness of the landslide inventories, and I use two event inventories available for
Umbria to investigate geographical landslide persistence. Finally, I show how to ascertain the
temporal frequency of slope failures from archive inventories.

4.1. Landslide abundance
To quantify the geographical (spatial) abundance of landslides, landslide density maps can be
prepared. Landslide density (or frequency) maps measure the spatial distribution of slope
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failures (Campbell, 1973; Wright et al., 1974; DeGraff, 1985; DeGraff and Canuti, 1988).
Landslide density is the proportion (i.e., frequency, percentage) of landslide area, and is
commonly computed as:

DL =

AL
, 0 ≤ DL ≤ 1
AM

(4.1)

where, AM is the area of the mapping unit used to compute the density (e.g., grid cell, slope
unit, unique condition unit, etc., see § 6.2.2), and AL is the total landslide area in the mapping
unit. In each mapping unit landslide density varies from 0, for landslide free units, to 1, where
the entire unit is occupied by landslides.
Density maps have different applications. They have been used to: (i) show a synoptic view of
landslide distribution for large regions or entire nations (Radbruch-Hall et al., 1982;
Reichenbach et al., 1998a; Guzzetti et al., 2003), (ii) portray a first-order overview of
landslide abundance (Campbell, 1973; Wright et al., 1974; Wright and Nilsen, 1974; Pomeroy,
1978; Moreiras, 2004), (iii) show the magnitude of slope failures triggered by severe storms
(Campbell, 1975; Ellen and Wieczorek, 1988), (iv) evaluate landslide abundance or landslide
activity in relation to forest management, agricultural practise, and land use changes (DeGraff,
1985; DeGraff and Canuti, 1988), (v) show the spatial distribution of the historical frequency
of rock fall events (Chau et al., 2003), and (vi) as a week proxy of landslide susceptibility
(Bulut et al., 2000; Guzzetti et al., 2005d).
Landslide density maps are filler of space. This is different from inventory maps, which
provide information only where landslides were recognized and mapped (§ 9.1). Density maps
provide insight on the expected (or inferred) occurrence of landslides in any part of the
investigated area without leaving unclassified areas. A density map does not show were
landslides are located, but this loss in resolution is compensated for by improved map
readability and reduced cartographic errors (Carrara et al., 1992; Ardizzone et al., 2002).
Additionally, landslide density is independent of the extent of the study area, which makes
comparison between different regions straightforward. Such characteristics make density maps
appealing to decision-makers and land developers (§ 9.2).
Depending on the type of mapping unit used to compute and portray the density, landslide
density maps can be based on statistical or geomorphological criteria (Guzzetti et al., 2000).

4.1.1. Statistical landslide density maps
In statistically-based density maps, the mapping unit is usually an ensemble of grid cells (i.e.,
pixels), square or nearly circular in shape, with a size generally 10 to 100 times larger than the
size of the individual grid cell (Guzzetti et al., 2000). Density is determined by counting the
percentage of landslide area within the mapping unit (in this case an artificial “kernel”), which
is moved systematically across the territory. This is equivalent to a moving average filtering
technique. Additional filtering or weighting techniques can be applied to improve map
consistency and readability. By interpolating equal quantity (isopleth) lines, a statisticallybased density map can be portrayed as a contour map (Wright et al., 1974). The latter was the
favoured method for showing landslide density (Campbell, 1973, 1975; Wright and Nielsen,
1974; DeGraff, 1985) before GIS technology and raster colour display were largely available.
Statistically-based landslide density maps rely on the assumption that landslide occurrence is a
continuous variable that can be spatially interpolated (Schmid and MacCanell, 1955; Wright et
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al., 1974; Guzzetti et al., 1999a). Hence, they perform best in homogeneous terrain – where
lithology and morphology do not change abruptly. This assumption is strong
(geomorphologically) and holds true only as a general approximation – at small scale – and in
homogeneous physiographic environments (Guzzetti et al., 2000). At larger scales, the
assumption of spatial continuity does not take into account the existing relations between slope
failures and the local morphological, geological or land use settings. As an example, where
layered rocks crop out, slope forms and processes are influenced by the attitude of bedding
planes. In susceptible geologic environments, landslides are often larger and more abundant
where bedding dips toward the slope free face. Conversely, where bedding dips into the slope
(reverse slope) terrain is steep and landslides are less abundant (e.g., Guzzetti et al., 1996b). In
such conditions, an isopleth map prepared without considering the presence of streams or
divides will be misleading, particularly on reverse slopes. This limitation is partly overcome
by selecting a mapping unit that bears a physical relation to the geomorphology of landsliding
(Carrara et al., 1995; Guzzetti et al., 1999a).

4.1.2. Geomorphological landslide density maps
For geomorphological density maps, slope units (as defined in Carrara et al., 1991, see § 6.2.2)
appear to be particularly suited to the determination of landslide spatial frequency. This
subdivision of the terrain partitions the territory into domains bounded by drainage divides and
stream lines. To delineate the divide and stream networks, manual techniques or automatic
selection criteria can be adopted. The latter is based on the analysis of a digital terrain matrix
(DTM) that acts as a computerised representation of topography (Carrara, 1988; Carrara et al.,
1991). Slope units, therefore, correspond to the actual slopes on which landslides take place.
The percentage of landslide area within each slope unit, as counted, is equivalent to the
percentage of failed area on each slope (see equation 4.1 and Figure 4.1). The landslide
density in this case, is the proportion or percentage of the slope unit that is occupied by the
landslides.
As they are delimited by morphological boundaries, slope units avoid the pitfall of forecasting
high landslide densities in areas that are mapped as essentially landslide free but are close to
known failures (for example, across the divide of an asymmetric ridge which is controlled by
the attitude of bedding planes). In addition, slope units mitigate the effects of possible
identification and mapping errors. As landslide density is computed for the entire mapped
area, possible mapping or drafting errors made within each slope unit are averaged.
The advantage of morphologically soundness and the limitation of mapping errors are
counterbalanced by the loss of resolution (Figure 4.1). The resolution of slope-unit based
density maps is lower than that of grid based or contour based maps, unless the grid or contour
spacing is particularly large for the amplitude of the terrain under study. As a result of
interpolation procedures, landslide density is a derivative of the spatial distribution of
landslides (i.e., the inventory). Interpolation inevitably causes information to be lost. Indeed,
even if landslides were mapped in great detail, nothing could be said about the exact location
of any single landslide within a slope unit. However, if the size of slope units is chosen in
relation to the size of landslides to be studied, the loss of resolution is only apparent and does
not correspond to a loss in the applicability and utility of the map (Carrara et al., 1992, 1995,
1999; Guzzetti et al., 1999a, 2000).
Errors and inconsistencies associated with the definition of slope units from DTMs, to the
geometrical consistency between slope units and landslide boundaries, to the size of slope
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units compared to the extent of landslide deposits, and to the correspondence between slope
units and the actual geometry of the slopes, may limit the use of such mapping unit to properly
count and display landslide density.

Figure 4.1 – Portion of a slope unit based geomorphological landslide density map for the Upper Tiber
River basin, central Italy (Guzzetti et al., 2000) (§ 2.3). Left map shows landslide density, in 4 classes,
obtained by counting the percentage of landslide area within each slope unit. Right map was obtained
by superimposing the landslide inventory and the density map. Agreement between the density and the
inventory maps is apparent.

Other geomorphological mapping units (§ 6.2.2) can be used to compute and display landslide
density. In general, the result is similar to that obtained using the slope units. Advantages and
limitations of the different terrain partitioning methods depend largely on the aptitude of the
selected type of unit to capture the complexity of the terrain, the available thematic
information, and the pattern, distribution and abundance of landslides.

4.2. Comparison of landslide inventories
Two or more landslide inventories may be available for the same area. In this fortunate case,
qualitative (heuristic) and quantitative (measurable) comparisons between the inventories are
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possible. As an example of a qualitative approach, I compare two landslide inventories
available for Umbria, namely the detailed geomorphological landslide inventory (Figure 3.10),
and the historical archive inventory (Figure 3.4). Next, I discuss a method – originally
proposed by Carrara et al. (1992) – for the quantitative comparison of two landslide maps, and
I apply the method to the comparison of the three landslide inventories available for the
Collazzone area (Figure 3.14).

4.2.1. Comparison of archive and geomorphological inventory maps
In Umbria, the historical archive inventory (§ 3.3.1.1) and the detailed geomorphological
landslide inventory (§ 3.3.2.2) provide different and complementary pictures of the
distribution, pattern and density of landslide phenomena. The detailed geomorphological
inventory shows the sum of many landslide events that occurred in Umbria over a period of
hundreds or thousands of years (Guzzetti et al., 2003). Analysis of the geomorphological
mapping indicates that total landslide area in the region is 712.64 km2 (8.4%), of which 519.12
km2 is in the Perugia province (8.2%) and 192.52 km2 in the Terni province (9.1%). This is a
minimum estimate because an unknown number of landslides were removed by erosion,
human activities and growth of vegetation, and small landslides may have not been recognized
in the aerial photographs or in the field. Figure 4.2.A shows the percentage of landslide area in
the 92 Municipalities of the region. The percentage of landslide area varies from 0% (Bastia,
in green) to more than 30% (Allerona, 33.9%, Penna in Teverina, 35.4%, in light blue).
For the Umbria region, the national archive of historical landslide events (§ 3.3.1.1) covers the
period from 1917 to 2001 and reports information on 1292 landslide sites, affected by a total
of 1488 landslide events (Figure 3.4). This is equivalent to 1.5 landslide sites per 10 square
kilometres in 85 years. Landslide events were reported in 90 of the 92 Municipalities in the
region (97.8%). Figure 4.2.B shows the number of sites affected by historical landslides in
each Municipality. The number of landslide sites ranges from 0, where no historical
information was reported, to 116, for the Perugia Municipality. The latter is equivalent to an
average of 1.4 damaging landslide events per year.
Comparison of the two inventories is not straightforward. Of the eight Municipalities with less
than 2% of landslide area (green in Figure 4.2.A), six (75%) experienced only a few (≤ 5,
green in Figure 4.2.B) historical landslide events in the 85-year period between 1917 and
2001. In these Municipalities the two inventories provide consistent information. However, of
the 13 Municipalities exhibiting 15% or more landslide area (light blue in Figure 4.2.A),
according to the historical catalogue only one (Pietralunga) has experienced a very large
number of landslide events (>25, red in Figure 4.2.B). This is less consistent, and shows that
the technique used to compile an inventory affects the obtained analysis of the distribution and
density of the landslides.
The observed differences are justified by the different type of information shown by the two
inventories. Lack or abundance of landslides in the geomorphological inventory map depends
largely on the local lithological and morphological setting. Abundance of historical
information on landslide events depends on many factors, including the availability of
historical sources, the density and distribution of the population, the built-up areas, the
infrastructure, and other vulnerable elements. Due to the technique used to collect the
information, the historical archive is certainly incomplete. Landslide events listed in the
historical catalogue tend to concentrate in the towns and villages and along the roads (Guzzetti
et al., 1994; Guzzetti and Tonelli, 2004). It is therefore possible that landslides occurred in
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places and were not reported. Slope failures occurred in remote or distant areas may have not
been noticed by the population. Alternatively, they may have been observed but quickly
removed, or they may have not been reported because they did not cause significant damage.

Figure 4.2 – Umbria Region. Comparison of geomorphological and historical inventory maps. (A)
Percentage of landslide areas in the 92 Municipality obtained from the detailed geomorphological
landslide inventory (see § 3.3.2.2). Histogram shows number of Municipalities in five classes of the
percentage of landslide area. (B) Number of historical landslide sites in each Municipality obtained
from the archive inventory (see § 3.3.1.1). Histogram shows abundance of Municipalities in four
classes of number of historical landslide sites.

4.2.2. Comparison of two geomorphological landslide inventory maps
Only a few authors have attempted to quantitatively compare geomorphological landslide
inventory maps (Roth, 1983; Carrara et al., 1992; Ardizone et al., 2000; Galli et al., 2005).
Carrara et al. (1992) proposed a quantitative and reproducible method for comparing two
landslide inventory maps. For the purpose, these authors introduced an index to measure the
degree of mismatch between two inventory maps. The mismatch (or error) index, E, is given
by:
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Where, ALT
and ALT
are the total landslide area in the first and in the second inventory,
respectively, and ∪ and ∩ are the geographical union and intersection of the two inventories,
easily obtained in a GIS.

From equation 4.2, the degree of matching, M, between two inventory maps can be obtained
as:

M = 1− E , 0 ≤ M ≤ 1

(4.3)

If two landslide inventory maps portray exactly the same landslides (a rather improbable
situation), E = 0 and M = 1, i.e., matching is perfect and mismatch is nil. If the two inventory
maps disagree completely, E = 1 and M = 0, i.e., cartographic matching is nil and mismatch is
maximum.
Figure 4.3 shows a comparison of two geomorphological inventory maps prepared for the La
Honda area, in the San Francisco Bay region, used by Carrara et al. (1992) to investigate
uncertainties associated with landslide inventory making. In this experiment, GIS technology
was used to determine and quantitatively compare the effect of mapping errors produced by
different causes in the compilation of inventory maps from the interpretation of aerial
photographs.
Three tests were performed. The first test consisted in comparing two geomorphological
landslide inventory maps produced independently by two equally experienced interpreters,
which mapped landslides in the La Honda area using black-and-white, 1:18,000 scale aerial
photographs and 1:24,000 scale base maps (Figure 4.3, left map). Before starting the
operation, one of the two investigators had the opportunity to visit the area. Visual inspection
of the maps produced by the two separate investigators indicates that the overall spatial
distribution of landslides in the two maps is fairly similar. The percentages of landslide area
were 13.5% and 16.8%, for the first and the second investigator, respectively. GIS analysis
revealed that 9.9% of the total landslide area was common to both maps (geometrical
intersection), and that 20.3% of the area was classified as bearing landslides by either the first
or the second interpreter (geometrical union). The mismatch error computed with equation 4.2
was 51.5%, corresponding to a cartographic matching (eq. 4.3) of (only) 48.5%.
An attempt was made to separate the errors caused by differences in investigators’
interpretation and judgement from other sources of errors, including inaccuracies in
topographic data location, and data restitution, drafting, digitization and construction of the
GIS database. For the purpose, a buffer was traced around each mapped landslide in both
inventories. The operation was repeated four times, using buffers of 25, 50, 100 and 200 m
width. Results (Figure 4.3, right graph) indicated that first the error decreased at a slow rate,
and then it declined more rapidly, and (almost) linearly. Because of the scale of the base maps
(1:24,000) and of the aerial photographs (1:18,000) used for the investigation, and the standard
inaccuracy in data digitizing and storing landslide information in the GIS database, the total
error associated with such operations was accounted by a buffer of approximately 50 m in
width. This leaded to an error of approximately 5% (Figure 4.3, right graph). The remaining
error (approximately 46%) represented the actual mismatch due to the different
geomorphological interpretations performed by the two investigators.
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Figure 4.3 – La Honda study area, California. Left map, geographical comparison of two
geomorphological landslide inventory maps. Right graph, estimated mapping and mismatch indexes
obtained by adding uncertainty buffers of different width, from 0 to 200 m. Modified after Carrara et
al. (1992).

The second test was aimed at comparing two geomorphological landslide inventory maps
produced by the same team of two geomorphologists – of whom one was I – for the same area,
using two different sets of aerial photographs and the same stereoscopes. The test was
conducted in the Tescio River basin, which extends for about 60 km2 in central Umbria. The
first inventory was the reconnaissance regional mapping of Umbria (§ 3.3.2.1, Figure 3.9). The
second inventory was a detailed geomorphological mapping prepared at 1:10,000 scale
through the interpretation of 1:13,000 scale colour aerial photographs flown in 1977,
supplemented by extensive geological and geomorphological field mapping (Carrara et al.,
1991). The new geomorphological inventory was prepared after the reconnaissance map was
completed, and benefited from the re-interpretation of the 1:33,000 scale aerial photographs.
The reconnaissance mapping identified 15.4% of the Tescio basin as having a landslide. The
following detailed geomorphological maps identified 12.8% of the basin as being affected by
slope failures. The reduced percentage of landslide terrain in the second inventory is justified
by a more accurate mapping, particularly of the largest landslides. GIS analysis revealed that
7.8% of the total landslide area was common to both maps (geometrical intersection), and
20.4% of the area was classified as having landslides in both inventories (geometrical union).
Hence, the computed mapping error was 61.8%, and the cartographic matching was 38.2%.
The third test compared landslide maps produced independently by two different teams, using
different resources (i.e., aerial photographs, stereoscopes, base maps, time, etc.) and for
different scopes. For the test, a portion of the Marecchia River basin, in the northern
Apennines, was selected. The area, which extends for 46 km2, consists of clayey terrains very
prone to landslides. Most of the slope failures are old, dormant-to-active flows or slide-flows
(Guzzetti et al., 1996). For this area, the first inventory was produced by the Emilia-Romagna
Region Geological Survey as part of a regional reconnaissance mapping project carried out in
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the late 1970s. Landslides were mapped using aerial photographs (of unknown scale), base
maps at 1:25,000 scale, and field investigations. No information was available about the
experience of the team that prepared the first inventory. The same area was remapped by the
team of geomorphologists who prepared the maps used in the second test. These investigators
used 1:33,000 scale aerial photographs flown in the period from 1954 to 1955, 1:25,000 scale
base maps, and some field checks. The first mapping identified 8.1% of the study area as
having a landslide. The second inventory identified 10.3% of the study area as having a
landslide. GIS analysis revealed that only 3.3% of the total landslide area was common to both
maps (geometrical intersection), and that 15.1% of the study area was classified as having a
landslide in both inventories (geometrical union). The resulting cartographic error was
particularly large, 77.9%, and the cartographic matching was correspondingly reduced to
22.1%.
The described method to quantitatively compare two landslide inventory maps is particularly
severe. Even a (apparently) minor discrepancy in the mapping results in a considerable
mapping error. The test is also somewhat imprecise. The test considers the total landslide area,
and mapping errors made in different parts of the two maps may compensate. Also,
differences in the classification of landslide types are not considered. The test can only be
applied to compare two inventories (“pair-wise” comparison), and extension to three or more
inventory maps is impractical, albeit it has been attempted (Galli et al., 2005).
Further, Figure 4.4 shows that the test is not capable of distinguishing where the same
landslide is mapped in two completely different (disjoint) areas (A), from where one of the
two maps portrays a landslide and the other map does not show it (B). The two cases have a
different connotation in terms of the correctness of the mapping. Finally, the test does not
provide direct insight on the quality of the mapping. Referring to Figure 4.3, the test indicates
the degree of matching (or mismatching) between the two maps, but does not provide any
insight on the veracity of the mapping, i.e., which of the two maps is correct in identifying
landslides, and where. This can only be decided using external information.

A

B

I

II

I

II

Figure 4.4 – Problems with index that measures the degree of mismatch between two inventory maps.
(A) Landslide mapped in two different positions by two interpreters; E = 1 and M = 0. (B) One map
shows the landslide and the other map does not. Similarly to the previous case, E = 1 and M = 0. The
two types of mapping errors are different, but the index provides the same result.

Despite the clear limitations, the discussed method – and the associated indexes – remains a
useful, simple and practical way of comparing two landslide inventory maps. Applying remote
sensing classification techniques (e.g., Cohen, 1960; Hoehler, 2000; Pontius, 2000; Pontius,
personal communication, 2001), or standard forecast verification methods (e.g., Jollifee and
Stephenson, 2003), improvements to the proposed method are certainly possible.
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4.2.2.1. Further comparison of the landslide maps in the Collazzone area

In this section, I continue the analysis of the three inventory maps available for the Collazzone
area (Figure 3.14). More precisely, adopting the previously describe method I attempt to
determine the degree of cartographic matching (and mismatching) among the three landslide
maps. For the purpose, in a GIS I performed pair-wise geometrical intersection ( ∩ ) and union
( ∪ ) of the three landslide maps. Then, I use the obtained figures to compute the error (E) and
matching (M) indexes. Results of this analysis are summarized in Table 4.1.
Table 4.1 – Comparison of landslide inventory maps in the Collazzone area. Mapping error, E, and
mapping mismatch, M, computed using equations (4.2) and (4.3), respectively. Map A, reconnaissance
landslide inventory (§ 3.3.2.1). Map B, detailed geomorphological inventory (§ 3.3.2.2). Map C, multitemporal inventory (§ 3.3.4.1).
Landslide area in Map A (reconnaissance geomorphological inventory)
Landslide area in Map B (detailed geomorphological inventory)
Map A ∪ Map B
Map A ∩ Map B
Mapping error, E
Mapping match, M

% 9.73
% 10.05
% 16.75
% 3.18
- 0.81
- 0.19

Landslide area in Map A (reconnaissance geomorphological inventory)
Landslide area in Map C (multi-temporal inventory)
Map A ∪ Map C
Map A ∩ Map C
Mapping error, E
Mapping match, M

% 9.73
% 20,69
% 24.86
% 5.71
- 0.77
- 0.23

Landslide area in Map B (detailed geomorphological inventory)
Landslide area in Map C (multi-temporal inventory)
Map B ∪ Map C
Map B ∩ Map C
Mapping error, E
Mapping match, M

% 10.05
% 20.69
% 22.93
% 7.81
- 0.66
- 0.34

Inspection of Table 4.1 indicates that overall mapping error (E) ranges from 0.66 to 0.81,
which corresponds to a degree of map matching (M) in the range between 0.34 and 0.19,
respectively. As expected, overall mapping error is smallest (0.66) when the most accurate
(i.e., the multi-temporal inventory, “Map C”) and the second most accurate (i.e., the detailed
geomorphological inventory, “Map B”) inventories are compared.
As I have shown previously, an attempt can be made to separate the drafting and digitization
errors from the mismatch due to different geomorphological interpretations of the actual
(“real”) landslide distribution. To accomplish this, in the GIS I draw buffers of 1 m, 3 m, 5 m,
10 m, 20 m and 100 m around the landslides shown in the detailed inventory maps (i.e. the
detailed regional inventory, § 3.3.2.2, and the multi-temporal inventory, § 3.3.4.1), which were
both originally obtained at 1:10,000 scale, and buffers of 2.5 m, 7.5 m, 12.5 m, 25 m, 50 m
and 250 m around the landslides shown in the reconnaissance inventory map (§ 3.3.2.1),
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which was originally prepared at 1:25,000 scale. The selected buffers correspond to 0.1 mm,
0.3 mm, 0.5 mm, 1.0 mm, 2.0 mm and 10 mm, respectively, on the base maps used to show
the landslide information. Results of the GIS analysis are shown in Figure 4.5. With increasing
buffer size, mapping error (E) first decreases at a slow rate and then, for large buffers, it
decreases rapidly (Figure 4.5.A). Conversely, map matching (M) first increases slowly and
then rapidly (Figure 4.5.B).

Figure 4.5 – Collazzone area. Estimate of overall mapping errors (A) and map matching indexes (B)
for three pair wise combinations of landslide inventory maps. Squares, Map A and Map B in Table
4.1; diamonds, Map A and Map C in Table 4.1; dots, Map B and Map C in Table 4.1. Lines show
exponential fits to the data (least square method).

The geometric error resulting from inaccuracies in transferring the landslide information from
the aerial photographs to the base maps and the digitization errors can be accounted for by a
buffer of about 10 m for the more detailed inventories (§ 3.3.2.2, § 3.3.4.1), and by a buffer of
about 50 m for the reconnaissance inventory map (§ 3.3.2.1). These figures correspond to a
cartographic error of approximately 2.5 - 5.0%. The remaining mismatch (~ 62% - 75%) can
be attributed to different (i.e., relevant, significant) geomorphological interpretations of the
landslides. This is relevant information for the assessment of landslide hazard.
To further investigate the differences between the three landslide maps, I examined the
differences in the abundance of slope failures shown by the three maps. To obtain this, I first
partitioned the study area into slope units, i.e., portions of the terrain delimited by drainage
and divide lines (see § 6.2.5). For each slope unit, I computed in the GIS the percentage of
landslide area (i.e., the density) shown in the three landslide inventories. Results are shown in
Figure 4.6. Inspection of this Figure indicates that the geographical distribution of landslide
density (abundance) varies considerably for the three inventory maps. This is not surprising
given the original distribution of the slope failures in the three landslide maps (Figure 3.14).
Visual comparison of the inventory (Figure 3.14) and the density (Figure 4.6) maps suggests
that slope units having a proportion of landslide area of less than about 3% can be considered
free of landslides (i.e., stable). I select this – empirical – cut-off value to account for all the
drafting and cartographic errors. Inspection of the original landslide maps in the GIS reveals
that, typically, such errors are represented by a small portion of a landslide deposit crossing a
stream line or a divide.
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Figure 4.6 – Landslide density maps for the Collazzone area. (I) reconnaissance geomorphological
inventory (§ 3.3.2.1), (II) detailed geomorphologic inventory (§ 3.3.2.2), (III) multi-temporal inventory
(§ 3.3.4.1). See Figure 3.14 for comparison. Landslide density computed within slope units. Slope
units with a percentage of landslide area of less than 3% are considered stable and shown in white.
Shades of grey indicate different landslide density. In the legend, square bracket indicates class limit is
included, and round bracket indicates class limit is not included.

In Figure 4.6, there are 358 stable terrain units (in white) in the density map obtained from the
reconnaissance geomorphological inventory (Map I), 255 stable units in the density map
obtained from the detailed geomorphological inventory (Map II), and only 153 stable units in
the density map obtained from the multi-temporal inventory (Map III). Reduction in the
number of stable terrain units is due to a better accuracy of the landslide mapping, which
resulted in the identification of a larger number of mass movements.
To better analyse the degree of matching (or mismatching) between the three density maps
shown in Figure 4.6, I performed pair-wise comparisons of the maps in the GIS and I
constructed specific contingency tables (Table 4.2). The least disagreement (33.3%) is
observed when comparing the densities obtained from the “best” (Map C) and the second
“best” (Map B) landslide maps, respectively. The comparison outlines a similarity between
these two density maps (e.g., Map III and Map II). Mismatch between Map I and Map II, and
between Map I and Map III in Figure 4.6 is very similar (~ 62%), confirming that the density
map obtained from the reconnaissance inventory (Map A) is substantially different from the
other two density maps.
Figure 4.7 summarizes the results of the performed pair-wise comparisons. There are 242
terrain units (47.1%) classified as stable (130 slope units, 25.3%) or unstable (112 slope units,
21.8%) by all three density maps. These terrain units represent perfect agreement between the
three density assessments. There are 429 slope units (83.5%) for which the density obtained
from Map A or Map B is in agreement with the density obtained from Map C, considered the
“best” available landslide map.
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Table 4.2 – Collazzone area. Comparison of stable and unstable slope units based on landslide density
computed for the three landslide inventory maps. Stable slope units have a percentage of landslide area
of less than 3 percent. Figures in the tables indicate number of terrain units. Map I, density map shown
in Figure 4.6.I and obtained from the reconnaissance inventory (§ 3.3.2.1, Figure 3.14.A). Map II,
density map shown in Figure 4.6.II and obtained from the detailed geomorphological inventory (§
3.3.2.2, Figure 3.14.B). Map III, density map shown in Figure 4.6.III and obtained from the multitemporal inventory (§ 3.3.4.1, Figure 4.6.III).
Map I
Stable (255)
Unstable (259)

Map II

Stable (358)
213
145

Unstable (156)
42
114

Disagreement between the density maps I and II = 62.12 %
Map I
Stable (153)
Unstable (361)

Map III

Stable (358)
139
219

Unstable (156)
14
142

Disagreement between the density maps I and III = 62.13 %
Map II
Stable (153)
Unstable (361)

Map III

Stable (255)
142
113

Unstable (259)
11
248

Disagreement between the density maps II and III = 33.33 %
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Figure 4.7 – Comparison of stable (0) and unstable (1) slope units based on landslide density in the
Collazzone area. Stable slope units have a percentage of landslide area < 3%. Legend of the vertical
bars (x-axis): left digit is the multi-temporal inventory (Map C), central digit is the detailed
geomorphological inventory (Map B), and right digit is the reconnaissance inventory (Map A).

79

Chapter 4
Lastly, I compared the percentage of landslide area attributed to each slope unit by the single
density maps (Figure 4.8). Comparison of the density obtained from the “best” (Map C) and
the “poorest” (Map A) landslide maps resulted in the largest scatter (central graph in Figure
4.8). A considerable number of slope units exhibiting a small density of landslides in Map I
show a large proportion of landslides in Map III, and vice versa. This is an indication that the
geographical distribution of the landslides shown in the two inventories is significantly
different. Comparison of the density Map II (obtained form the geomorphological inventory)
with the density Map III (obtained form the multi-temporal inventory) indicates that the
differences are largely due to the absence in the geomorphological inventory of several large
and very large landslides (Figure 3.14).
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Figure 4.8 – Comparison of landslide density in the slope units in the Collazzone area. Left graph
shows comparison of Map I and Map II in Figure 4.6. Central graph shows comparison of map I and
map III. Right graph shows comparison of Map II and Map III.

In conclusion, the density maps obtained from the three landslide inventories available for the
Collazzone area (Figure 3.14) provide different descriptions of the propensity of the area to
experience new or reactivated landslides. Base on these findings, I conclude that the landslide
density obtained from the multi-temporal map (Map III in Figure 4.6) is a reliable description
of the abundance of slope failures in the Collazzone area. I also conclude that, in the
Collazzone area, the detailed geomorphological inventory provides a better description of
landslide abundance than the reconnaissance landslide mapping. These finding are relevant to
the assessment of landslide susceptibility and hazards at the regional scale in Umbria.
This does not conclude the comparative analysis of the quality of the landslides maps available
for the Collazzone area. In § 5.3.1 I will compare the frequency-area statistics obtained for the
three inventories, and I will use the obtained finding to infer information on the different
completeness of the landslide maps.

4.3. Completeness of landslide inventories
Completeness is the degree to which an inventory is capable of recording all the landslides in
an area, during a single event or in a period of time. Ideally, an inventory should record all
landslides that have occurred in an area that left discernable features. However, features left by
landslides may not be recognized in the field or through the interpretation of aerial
photographs, as they are often obscured or cancelled by erosion, vegetation, urbanization, and
human action, including ploughing. It is also possible that landslides occurred in remote areas
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but were not reported because they did not cause damage. For these reasons, landslide
inventories are generally incomplete.
Estimating the completeness of a landslide inventory is a difficult task, and considerations
differ for archive, geomorphological, event and multi-temporal inventories. A formal
definition of completeness requires that a landslide inventory includes all landslides associated
with a landslide event (a single trigger) or multiple landslide events over time
(geomorphological or multi-temporal). This definition assumes that all landslides are visible
and recognizable, or that they were accurately reported, and that the entire study area affected,
even marginally, by the trigger(s) is fully and thoroughly investigated. For practical reasons,
these criteria are never met.
A functional definition of completeness requires that the landslide inventory includes a
substantial fraction of all landslides at all scales. The tools and techniques available to compile
the inventory must be able to meet this requirement within the study area. An important
attribute of this definition is that a substantially complete inventory must include a substantial
fraction of the smallest landslides. It is important to understand that the definition is applicable
to landslide event inventories, but not to geomorphological inventories, because many smaller
and intermediate-size landslides in geomorphological inventories have been erased by erosion
and human action. Thus, a geomorphological inventory is always incomplete. This should be
considered when determining landslide hazard and risk.

4.3.1. Completeness of archive inventories
Archive inventories are non-instrumental records of past events. Analysis of the information
content of archive inventories of natural events is difficult and rarely pursued (Guzzetti et al.,
1994, 2005b,c; Ibsen and Brunsden, 1996; Glade, 1988; Guzzetti, 2000; Glade et al., 2001;
Guzzetti and Tonelli, 2004). An approach to evaluate the completeness of an archive inventory
consists in the analysis of the cumulative number of historical landslide events. For a
catalogue of historical events, the cumulative number of events is easily obtained by adding
progressively the number of events recorded in each time interval (e.g., a day or a year).
Figure 4.9.A shows the temporal distribution of fatal landslide events in Italy, from 1500 to
2004. In this figure, the y-axis (logarithmic scale) shows the number of the consequences, i.e.,
fatalities (deaths and missing persons) and injured people. Also shown are events for which
casualties occurred in unknown number. Inspection of the graph indicates that the distribution
of the inventoried events varies substantially with time.
In an attempt to evaluate the completeness of this catalogue, in Figure 4.9.B I show the
cumulative curves of fatal landslides events, in the period from 1410 to 2004. Inspection of
Figure 4.9.B reveals that, as it might be expected, the cumulative number of landslide fatalities
has increased largely since the beginning of the record, but also that the rates at which fatal
events have occurred has increased. This may be a result of variations in the completeness of
the historical catalogue. The more remote the period considered, the larger the number of
events that probably remained unrecorded. This is especially evident for events that caused
fewer than three fatalities. In the historical catalogue, such events rarely appear before 1800
(only 29 events). After 1800 they represent 30.5% of the total number of landslide events. The
percentage increases to 73.4% after 1900. Even considering the increase in population that has
occurred in Italy (Figure 1.2), there is no reason for the distribution of less catastrophic events
to be so skewed, except for the incompleteness of the catalogue.
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Figure 4.9 – Completeness of archive catalogue. (A) Historical distribution of damaging landslide
events in Italy, form 1500 to 2004. Blue squares, fatalities; blue triangles, injured people; open
squares, events for which casualties occurred in unknown number. (B) Cumulative distribution of
landslide events that resulted in fatalities in Italy from 1410 to 2004. Blue line, all landslide events.
Orange dashed line, low-intensity landslide events that resulted in three or more fatalities. Green line,
medium-intensity landslide events that resulted in 10 or more fatalities. Red line, high-intensity
landslide events with 100 or more fatalities.

In Figure 4.9.B, the blue line shows the yearly cumulative distribution of all events that
resulted in at least one fatality. The slope of the curve increases sharply after ~ 1900. A
second, less definite change in the slope of the curve occurs around 1690-1700. The other
curves shown in Figure 4.9 represent yearly cumulative distributions of landslide events that
resulted respectively in three or more (orange dashed line), ten or more (green line), and 100
or more (red line) landslide fatalities. The change in slope around 1900 is present in both the
orange (≥ 3 fatalities) and green (≥ 10 fatalities) lines, but not in the red line (≥ 100 fatalities).
However, it is less distinct in these curves than it is in the blue line. This indicates that the
completeness of the historical catalogue varies with the intensity of the fatal events. For largeintensity events with at least 100 casualties the historical catalogue is probably complete for
the period from 1600 to 2004. For medium-intensity (≥ 10 fatalities) and low-intensity (≥ 3)
events the catalogue is reasonably complete only after ~ 1920. If all events are taken into
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account, the catalogue can be considered almost complete for statistical purposes starting in
1920 and complete after 1950.
I now attempt to better quantify the described approach to evaluate the completeness of an
historical catalogue. Assuming the cumulative number of historical events is a continuous and
differentiable function (or it can be represented by a continuous and differentiable function),
the slope of the cumulative curve is given by:
RL =

dN L
dt

(4.4)

where NL is the cumulative number of landslide events at time t, and dt is the time step used in
the analysis (e.g., a year in Figure 4.9.B).
The slope of the cumulative curve is a measure of the rate of occurrence of the events.
Assuming the rate of occurrence of the fatal events remains constant, i.e., RL = λ, changes in
the slope of the cumulative curve reflect – as a first approximation – differences in the
completeness of the historical catalogue. Hence, if the slope of the cumulative curve remains
constant for a given period, the catalogue is complete in that period. Conversely, if the degree
of completeness varies, the slope of the cumulative curve changes accordingly.
The approach has undoubtedly limitations, as it makes the strong assumption that the
processes that cause landslide fatalities remain constant for the considered period, i.e., that the
rate and magnitude of the triggering events does not change in the period. Conditions leading
to slope failures, such as climatic anomalies, rainfall events, land-use characteristics, and
human actions, may change significantly over the time span of an historical catalogue,
particularly if the latter extends for several decades or even centuries, invalidating the adopted
assumption. Also, as shown in Figure 1.2, the population has increased substantially in the
time span of the catalogue.
In a historical catalogue of landslide events the lack of occurrences in any given period may be
due either to the catalogue’s incompleteness or to variation in the conditions that led to slope
failure. One has to assume that one (i.e., the rate of occurrence or the completeness) is known
and remains constant, to estimate the other.

4.3.2. Completeness of geomorphological, event, and multi-temporal maps
The functional definition of completeness of a landslide inventory given before (§ 4.3)
requires that the examined landslide map includes a substantial fraction of all landslides at all
scales. This is very difficult to establish, and can only be inferred from external information.
In general, an event inventory map is more complete than a geomorphological inventory.
Immediately following a landslide triggering event (i.e., a rainstorm, an earthquake or a snow
melt event), individual landslides are usually clearly recognizable, in the field and on the aerial
photographs, allowing for the production of complete (or nearly complete) event inventories.
Landslide boundaries are usually distinct, making it relatively easy for the geomorphologist to
identify and map the landslides. This is particularly true for shallow landslides, such as soil
slides and debris flows. However, cases exist where some of the features typical of a landslide
(e.g., the crown area, the lateral shear boundaries, or a bulging toe) may not be clearly
identifiable for shallow landslides, particularly where the material did not mobilize after
failure (Cardinali et al., 2000) (Figure 4.10). For large and complex slope movements, the
boundary between the stable terrain and the failed mass is transitional and may change during
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and immediately after an event. Establishing the exact location of the landslide boundary is
difficult, often impossible based solely on surface morphological information (Figure 4.10).
The problem may not be relevant when compiling small- to medium-scale event inventories,
but becomes a problem in the preparation of large-scale event inventories. An error in
mapping the boundary of a large landslide may affect significantly the measure of the size of
the landslide, negatively affecting the frequency-area statistics that can be obtained from event
inventory maps (§ 5).

Figure 4.10 – Deep-seated (left) and shallow (right) landslides in Umbria, showing difficulty in
identifying and mapping the exact location of the boundary of a landslide, in the field or from aerial
photographs.

Depending on the scale of the aerial photographs, small and very small landslides (with an
area of a few tens of square meters) are more easily identified and mapped in the field,
whereas medium, large and very large area landslides (e.g., extending for several hectares) are
better identified and mapped from the aerial photographs. In a landslide mapping effort, field
survey is often restricted to limited areas, along the roads, the divides or the rivers, depending
on morphology. In these areas very small landslides can be mapped precisely, even if the area
is wooded. In forested terrain precise location of the slope failures is a problem. Aerial
photographs allow for a more complete coverage of the area affected by the triggering event,
allowing for a more systematic (and complete) mapping, but may not be adequate for mapping
accurately and methodically small landslides in forested terrain (Brardinoni et al., 2003).
Morphological features typical of landslides, including the boundaries, become increasingly
indistinct with the age of the landslide (McCalpin, 1984). This is due to local adjustments of
the landslides to reactivations and new slope failures, to surface erosion processes, and to
human actions, including ploughing and land use changes. The rates at which landslide
features disappear depend on many factors, such as the type, number and extent of the
landslides, the number and magnitude of the triggering events, and the morphological and
tectonic activity of the area. With time, the progressive disappearance of landslide features
makes it much harder to identify them in the field and from aerial photographs. Disappearance
of the landslide features is the primary reason for the incompleteness of geomorphological
inventories. Even detailed geomorphological inventory maps may largely underestimate the
actual number of landslides that have occurred in an area, which remains unknown. As I have
discussed in § 3.3.4, multi-temporal inventory maps are prepared through the compilation of
landslide information from different sources, and chiefly the interpretation of aerial
photographs of different dates and periods. When multiple sets of aerial photographs are used,
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the completeness of a multi-temporal inventory should be better than that of a corresponding
geomorphological inventory map for the same area, but poorer than that of an event inventory.
This hypothesis will be tested for the Collazzone area in § 5.3.1.

4.4. Landslide persistence
Landslide persistence is the degree to which new slope failures occur in the same place as
existing landslides. Establishing landslide persistence has implications for landslide
susceptibility and hazard assessment. The persistence of landslides can be established, and
quantified, by comparing geomorphological, event, and multi-temporal inventory maps in a
GIS.
For Umbria, information is available to attempt establishing quantitatively the persistence of
landslides. Comparison in a GIS of the spatial distribution of landslides triggered by the 19371941 rainfall periods (§ 3.3.3.1) and by the January 1997 rapid snowmelt event (§ 3.3.3.2),
with the geographical distribution of the pre-existing landslides shown in the detailed
geomorphological inventory map (§ 3.3.2.2, Figure 3.10) allows for estimating the spatial
persistence of landslides. Approximately 89% of all the rainfall induced landslides triggered in
the period between 1937 and 1941 were located inside or within 150 metres from a preexisting landslide (Figure 4.11.A). Similarly, about 75% of the snowmelt induced landslides in
January 1997 fell inside pre-existing landslide deposits, i.e., they were reactivations, or they
were located within 150 meters of an existing landslide (Figure 4.11.B). This is important
information for the assessment of landslide susceptibility and hazards in Umbria, because it
provides the rationale for attempting to evaluate where landslides may cause damage in the
future based on where landslides have occurred in the past, using accurate landslide inventory
maps.

Figure 4.11 – Spatial persistence of event triggered landslides in Umbria. (A) Landslides triggered by
intense and prolonged rainfall in the period between 1937 and 1941 (see § 3.3.3.1). (B) Landslides
triggered by rapid snowmelt in January 1997 (see § 3.3.3.2). Legend: pink, pre-existing landslides (see
§ 3.3.2.1); red, 1937-41 landslides; blue, January 1997 landslides.
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It should be noted that new landslides do not necessarily occur inside or in the vicinity of preexisting landslide deposits. For the Staffora River basin, in the northern Apennines (§ 2.6),
Guzzetti et al. (2005a) found low values of landslide persistence. By analysing a multitemporal inventory map compiled through the systematic analysis of five sets of aerial
photographs covering the period between 1955 and 1999, these authors found that in the
Staffora basin 40% of all the landslides identified in the period from 1955 to 1999 occurred
inside pre-existing landslides mapped on the 1955 aerial photographs. Considering only the
landslides occurred in the 45-year period from 1955 to 1999, only 12% of the slope failures
occurred in the same area of other landslides occurred in the same period. This is lower
landslide persistence than the one observed in Umbria.

4.5. Temporal frequency of slope failures
The temporal frequency (or the recurrence) of landslide events can be established from archive
inventories (Coe et al., 2000; Guzzetti et al., 2003a) and from multi-temporal landslide maps
(Guzzetti et al., 2005a). In § 7, I will show how to obtain information on the temporal
probability of landslide events from a multi-temporal inventory map, and how to exploit this
information to determine landslide hazard.

4.5.1. Exceedance probability of landslide occurrence
Before showing how to obtain the probability of landslide occurrence from archive
inventories, it is convenient to establish an appropriate mathematical framework. As a first
approximation, landslides can be considered as independent random point-events in time
(Crovelli, 2000). In this framework, the exceedance probability of occurrence of landslide
events during time t is:
P( N L ) = P[N L ( t ) ≥ 1]

(4.5)

where NL(t) is the number of landslides that occur during time t in the investigated area.
Two probability models are commonly used to investigate the occurrence of naturally
occurring random point-events in time: (i) the Poisson model and (ii) the binomial model1
(Crovelli, 2000; Önöz and Bayazit, 2001). The Poisson model is a continuous-time model
consisting of random-point events that occur independently in ordinary time, which is
considered naturally continuous. The Poisson model has been used to investigate the temporal
occurrence of floods (Yevjevich, 1972; Önöz and Bayazit, 2001), volcanic eruptions (Klein,
1982; Connor and Hill, 1995; Nathenson, 2001) and landslides (Crovelli, 2000; Coe et al.,
2000; Roberds, 2005). Adopting a Poisson model for the temporal occurrence of landslides,
the probability of experiencing n landslides during time t is given by
P[ N L( t ) = n ] = e

1

( − λt )

( λt )n
n = 0, 1, 2, …
n!

(4.6)

Other probability distributions used to model naturally occurring random point-events in time include the
Weibull distribution (Bebbington and Lai, 1996) and the mixed exponential distribution (Cox and Lewis,
1966; Nathenson, 2001).
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where λ is the estimated average rate of occurrence of landslides, which corresponds to 1/µ,
with µ the estimated mean recurrence interval between successive failure events. The model
parameters λ and µ can be obtained from a historical catalogue of landslide events or from a
multi-temporal landslide inventory map.
From equation 4.6, the probability of experiencing one or more landslides during time t (i.e.,
the exceedance probability) is
P [ N L ( t ) ≥ 1 ] = 1 − P [ N L ( t ) = 0 ] = 1 − e − λt = 1 − e − t / µ

(4.7)

Discussing equation 4.7, Crovelli (2000) noted that for a given period of time t, if µ→∞, then
P [ N L ( t ) ≥ 1 ] → 0, i.e., if the estimated mean recurrence interval between successive events
is very large, chances are that no failures will be experienced in the considered period. Also, if
the estimated mean recurrence µ is fixed, and the time interval is very long (t→∞), then
P [ N L ( t ) ≥ 1 ] → 1 and one is certain to observe a landslide event.
The Poisson model allows for determining the probability of future landslides for different
times t (i.e., for a different number of years) based on the statistics of past landslide events,
under the following assumptions (Crovelli, 2000): (i) the number of landslide events which
occur in disjoint time intervals are independent, (ii) the probability of an event occurring in a
very short time is proportional to the length of the time interval, (iii) the probability of more
than one event in a short time interval is negligible, (iv) the probability distribution of the
number of events is the same for all time intervals of fixed length, and (v) the mean recurrence
of events will remain the same in the future as it was observed in the past. These assumptions,
which may not always hold for landslide events, should be considered when interpreting (and
using) the results of the Poisson probability model.
As an alternative to the Poisson model, a binomial model can be adopted. The binomial
probability model is a discrete-time model consisting of the occurrence or random-point
events in time. In this model time is divided into discrete increments of equal length, and
within each time increment a single point-event may or may not occur. The binomial model
was adopted by Costa and Baker (1981) to investigate the occurrence of floods, and by Keaton
et al. (1988), Lips and Wieczorek (1990), Coe et al. (2000), Raetso et al. (2002), and Vandine
et al. (2004) to study the temporal occurrence of landslides and debris flows.
Following Crovelli (2000), and adopting the binomial probability model, the exceedance
probability of experiencing one or more landslides during time t is
P [ N L ( t ) ≥ 1 ] = 1 − P [ N L ( t ) = 0 ] = 1 − ( 1 − p )t = 1 − ( 1 − 1 / µ )t

(4.8)

where, p is the estimated probability of a landslide event in time t, and µ = 1/p is the estimated
mean recurrence interval between successive slope failures. As for the Poisson model, µ can
be obtained from a historical catalogue of landslide events or from a multi-temporal landslide
inventory map. The binomial model holds under the same or similar assumptions listed for the
Poisson model.
Crovelli (2000) compared the Poisson and the binomial probability models, and showed that
the two models differ for short mean recurrence intervals (i.e., when µ is small) and for short
periods of time (i.e., when t is small), with the binomial model over estimating the exceedance
probability of future landslide events. For large periods of times and large mean recurrence
intervals, the two models provide very similar or identical estimates of the probability of
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future landslide occurrences. Indeed, it can be shown that when t and µ are large, the Poisson
probability distribution approximates the binomial probability distribution.
4.5.1.1. Temporal probability of historical landslide events in Umbria

In this section, I exploit the information available on historical landslide events in Umbria to
estimate the temporal probability of slope failures, for different periods. For the Umbria
region, the AVI archive inventory of historical landslide events in Italy (§ 3.3.1.1, Figure 3.4)
lists information on 1292 landslide sites, affected by a total of 1488 landslide events.
Considering the 85-year period from 1917 to 2001, most of the landslide sites (1158, i.e.,
89.6%) were affected only once, 78 (7.6%) were affected two times, and 36 (2.8%) were
affected three to six times. This information allows for computing the average recurrence of
landslides in the 92 Municipalities in the Umbria region. Average recurrence can be computed
by dividing the total number of landslide events in each Municipality by the time span of the
catalogue (i.e., 85 years). Assuming that landslide recurrence will remain the same for the
future (a “strong” geomorphological assumption that should always be tested, where possible)
and adopting a Poisson probability model, the exceedance probability of having one or more
damaging landslide event in each Municipality in Umbria can be determined for different time
intervals. Results are shown in Figure 4.12 and summarised in Table 4.3.

Figure 4.12 – Maps showing annual exceedance probability of damaging landslide events in the 92
Municipalities in the Umbria region. Exceedance probability computed based on historical information
for the 85-year period between 1917 and 2001.
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Inspection of Table 4.3 reveals that for a 5-year period only five Municipalities in Umbria
(5.4%) have a 0.90 or larger probability of experiencing at least one damaging landslide, and
17 Municipalities (18.5%) have a 0.50 or larger probability of experiencing at least one
damaging slope failure. These figures increase to 11 (12.0%) and 40 (43.5%) Municipalities
for a 10-year period, and to 25 (27.2%) and 68 (73.9%) Municipalities for a 25-year period,
respectively. After 100 years, all the Municipalities in Umbria have a 50% or larger
probability of experiencing a landslide, and 76 Municipalities (82.6%) have a 90% or larger
probability of having at least one slope failure (Figure 4.12).
Table 4.3 – Number and percentage (in parenthesis) of municipalities in Umbria that exceed the given
probability of experiencing one or more damaging landslide. Values for different time intervals, from 5
to 50 years. Based on a historical record spanning the 85-year period between 1917 and 2001.
EXCEEDANCE PROBABILITY

5 YRS

10 YRS

20 YRS

25 YRS

50 YRS

> 0.99
> 0.95
> 0.90
> 0.80
> 0.50

2 (2.2%)
5 (5.4%)
5 (5.4%)
9 (9.8%)
17 (18.5)

5 (5.4%)
10 (10.9%)
11 (12.0%)
16 (17.4%)
40 (43.5%)

11 (12.0%)
16 (17.4%)
19 (20.7%)
30 (32.6%)
68 (73.9%)

14 (15.2%)
18 (19.6%)
25 (27.2%)
40 (43.5%)
68 (73.9%)

25 (27.2%)
40 (43.5%)
58 (63.0%)
68 (73.9%)
76 (82.6%)

4.6. Summary of achieved results
In this chapter, I have:
(a) Further demonstrated how to compare landslide maps, and to measure the quality and
completeness of different landslide inventory maps.
(b) Proposed methods for the construction of landslide density maps, a weak proxy for
susceptibility zonings where these are not available.
(c) Proposed methods for the analysis of the spatial persistence of slope failures, important
information for landslide hazard and risk assessments.
(d) Shown how to obtain temporal information on landslides from archive inventories,
including a measure of the completeness of the historical archives, essential information
for probabilistic landslide hazard assessments.
This contributes to responds to Questions # 2 and # 3 posed in the Introduction (§ 1.2).
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5. STATISTICS OF LANDSLIDE SIZE
Somehow you need years
to recognize something obvious.
Not all what can be counted counts, and
not all what counts can be counted.

The size (e.g. length, area, volume) of individual landslides varies largely. As shown in Figure
1.1, the length of landslides varies from less than a meter to several hundreds or even
thousands of kilometres for submarine slides. Landslide area spans the range from less than a
few square meters, for shallow soil slides, to thousands of square kilometres, for large
submarine failures. The volume of single mass movements ranges from less than a cubic
decimetre, for rock fragments falling off a cliff, to several hundreds of cubic kilometres, for
gigantic submarine slides (Locat and Mienert, 2003), or for slope failures identified on the
Moon (Hsu, 1975), Mars (McEwen, 1989) and Venus (Malin, 1992).
The frequency-size distribution of landslides is important information to determine landslide
hazards (Guzzetti et al., 2005a) (see § 7.3), and to estimate the contribution of landslides to
erosion and sediment yield (e.g., Hovius et al., 1997, 2000; Martin et al., 2002; Guthrie and
Evans, 2004b; Lavé and Burbank, 2004). For these reasons, it is essential that the distributions
are quantified precisely, using accurate and reliable methods.
In this chapter, after a review of the limited literature, I show how to obtain frequency-area
and frequency-volume statistics of landslides from empirical data obtained from landslide
inventories. I then discuss applications of the obtained frequency statistics of landslides, with
examples from the Umbria region, including an application to investigate the completeness of
the three landslide inventory maps available for the Collazzone area.

5.1. Background
Review of the literature (§ 13) reveals that only a few authors have investigated the frequencyarea, or the frequency-volume statistics of landslides. Fujii (1969) was probably the first to
investigate the problem. Studying an inventory of 800 landslides caused by heavy rainfall in
Japan, he obtained a cumulative number-area distribution that correlated well with a power
−α
law relation of the type N CL∝ AL , where NCL is the cumulative number of landslides, AL is
the landslide area, and α = 0.96. This author also obtained a similar cumulative number−α
volume distribution that correlated with a power law N CL∝ VL , with VL the landslide volume
and α = 0.85. Other investigators have studied the frequency-size distribution of landslides in
Japan. Ohmori and Hirano (1988) examined 3511 landslides occurred in the 8-year period
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between 1975 and 1983, and provided cumulative number-area distributions that correlated
with power laws with exponents α in the range between 1.34 and 1.62, depending on the type
of the mapped landslides. Sugai et al. (1994) and Ohmori and Sugai (1995) examined 3424
landslides in the Akaishi Ranges, in central Japan, and found power law correlations for
landslides in different rock types and elevation zones with values of α in the range from 1.27
to 2.49. Sasaki et al. (1991) investigated the width of landslides triggered by heavy rainfall in
the Misumi and Masuda areas, in south western Japan, and found a relationship between the
cumulative number of landslides and the maximum width of the slope failures that was
approximated by a power law with an exponent α ~ 3.3.
Pelletier et al. (1997) have given cumulative frequency-area distributions of rainfall induced
landslides in Japan and in Bolivia, and of earthquake induced landslides in California. The
data set for Japan was the same compiled by Sugai et al. (1994) for the Akaishi Ranges
described before. For this data set, Pelletier et al. (1997) found a power law relation between
the area of the landslides and the cumulative number of slope failures with an exponent α =
2.0, for slope failures larger than about 1×105 m2. The data set for Bolivia was compiled by
Blodgett (1998), who mapped 1130 rainfall induced landslides in the Challana Valley, in the
Eastern Cordillera. For this data set, Pelletier et al. (1997) found power law relationships with
exponents ranging between α = 1.6 and α = 2.0, for landslides larger than about 5×104 m2. The
data set for California consisted in about 11,000 landslides triggered by the 17 January 1994
Northridge earthquake and mapped by Harp and Jibson (1995, 1996). For this data set, the
cumulative distribution of landslide areas was approximated by a power law taking the slope α
= 1.6, for landslides larger than about 3×103 m2. Malamud and Turcotte (1999) analysed the
same data sets used by Pelletier et al. (1997), and another data set listing 709 landslides
mapped by Nielsen et al. (1975) for the Eden Canyon area in Alameda County, California.
The obtained non-cumulative frequency-area distributions exhibited a “rollover” for landslides
areas smaller than about 2×103 ~ 1×104 m2, depending on the resolution of the mapping, and
were all reasonably well approximated by power laws with exponents, α+1, in the range
between 2.3 and 3.3.
Hovius et al. (1997) have given a cumulative number-area distribution for 4984 landslides
mapped in a mountain area east of the Alpine fault in New Zealand. Their logarithmically
binned data correlated with a power law relation with α = 0.7, over the range AL = 7×102 m2 to
AL = 1×106 m2. Hovius et al. (2000) have given a number-area distribution of 1040 fresh
landslides in the Ma-An and Wan-Li catchments on the eastern side of the Central Range in
Taiwan. The logarithmically binned data correlated with a power law relation with exponent
α = 1.15 over the range AL = 1×103 m2 to AL = 5×104 m2. Stark and Hovius (2001) revised the
given number-area distributions obtained for southern New Zealand and central Taiwan. The
revised estimates were obtained by fitting non-cumulative distributions of the available data to
cover the mapped landslide areas, a significant improvement over pre-existing published work.
For the purpose, the authors introduced a five parameters double-Pareto distribution (§ 5.2.1,
equation 5.3), and obtained estimates for the slope of the power law tail of the distribution of
α+1 = 2.11 for the Taiwan inventory, and α+1 = 2.46±0.2 for the New Zealand inventory.
Various authors have examined the frequency-area distributions of landslides in British
Columbia, Canada. Martin et al. (2002) studied 615 landslides in the Queen Charlotte Islands,
which ranged in area from 200 to 52,000 m2, and spanned the volume from 217 m3 to 16,100
m3. The non-cumulative probability-density distributions for landslide areas were
approximated by power laws with exponents α+1 = 1.80, for primary landslides, and α+1 =
3.20 for gully sidewall events. Guthrie and Evans (2004b) analyzed three inventories showing
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landslides occurred on the west coast of British Columbia. The first inventory listed 201 debris
slides and debris flows, 136 of which occurred in the 47-year period from 1950 to 1996, in a
286 km2 study area in the Brooks Peninsula. The second inventory listed 92 landslides in the
Loughborough Inlet. The third inventory showed 1109 landslides inventoried by the British
Columbia Ministry of Forest in the Clayoquot study area. The mapped landslides ranged in
size from 500 m2 to 400,000 m2, and their non-cumulative frequency-area distributions obeyed
power law relationships with exponents α+1 ranging between 2.51 and 2.77, for landslide
areas ranging from AL = 1×104 m2 to AL = 4×105 m2. In another paper, Guthrie and Evans
(2004a) have given the frequency-area statistics for 101 rainfall-induced landslides occurred
on 18 November 2001 in the Loughborough Inlet, a slightly different data set than then one
used in the previous paper. These landslides ranged in size from 1124 m2 to 409,000 m2, and
their frequency-area distribution was described by a power law with a slope α+1 = 2.24, for
landslides larger than ~1×104 m2. Guthrie and Evans (2004a,b) argued that the rollover shown
in their non-cumulative distributions was real, and not an artefact due to under-sampling of the
landslides. Brardinoni and Church (2004), working in the Capilano coastal watershed in
British Columbia, have determined that in this area the rollover occurs for landslides greater
than about 4000 m3.
Guzzetti et al. (2002) have given non-cumulative frequency-area distributions for two
landslide data sets in central Italy. The first data set consisted of 16,809 landslides in the
Umbria and Marche area. These landslides were originally mapped by Guzzetti and Cardinali
(1989) (§ 3.3.2.1) and by Antonini et al. (1993) through the interpretation of medium-scale
aerial photographs and limited field checks. The second data set consisted in 4233 landslides
triggered by rapid snow melting in Umbria on 1 January 1997 (§ 3.3.3.2). The two data sets
exhibited distinct rollovers for the smallest mapped landslides, and were found to correlate
well with a power law relation with exponent α+1 = 2.5 for the largest landslides, albeit for
different (but overlapping) ranges: i.e., AL = 3×104 m2 to AL = 4×106 m2 for the reconnaissance
geomorphological mapping, and AL = 1×103 m2 to AL = 1×105 m2 for the event inventory.
Guzzetti et al. (2002) argued that the rollover for small landslide areas shown in the noncumulative distributions had different explanations. The rollover shown in the reconnaissance
inventory was attributed to incompleteness of the landslide record due to erosion and to
limitations in the reconnaissance mapping technique used to compile the inventory, whereas
the rollover in the event inventory was considered real, and possibly associated with the
surface morphology or the landslide process itself. Guzzetti et al. (2004a) examined an
inventory of 1204 landslides triggered by intense rainfall on 23 November 2000 in the Imperia
Province, northern Italy. In this inventory, landslides ranged in size from 50 m2 to 7×104 m2,
for a total landslide area of 1.6 km2. The obtained non-cumulative probability density of
landslide areas exhibited two features typical of landslide-area distributions, namely, (i) the
distribution had a distinct power law tail with an exponent α+1 = 2.5, and (ii) the distribution
exhibited a distinct rollover for the smaller landslide areas, showing that a characteristic size
existed for which landslides were most abundant in the study area.
Guzzetti et al. (2005a) have estimated the non-cumulative probability density distribution for
2390 landslides occurred in the 45-year period from 1955 to 1999 in the Staffora River basin,
in the northern Apennines of Italy. The landslide information used to determine the probability
density of landslide areas was obtained from the multi-temporal inventory described in § 2.6.
The obtained probability density of landslide areas obeys a power law relation for landslide
areas in the range from 5×103 m2 to 2×105 m2, and exhibits a distinct rollover for landslides
smaller than 1.5×103 m2. To obtain the probability density, Guzzetti et al. (2005a) used the
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double-Pareto distribution of Stark and Hovius (2001) (equation 5.3) and the truncated inverse
Gamma distribution of Malamud et al. (2004a) (equation 5.4). The obtained values for the
exponent of the power law tail of the distribution were α+1 = 2.77 for inverse Gamma (std.
dev. = 0.08) and α+1 = 2.50 for double Pareto (std. dev. = 0.05).
Malamud et al. (2004a), in a paper describing methods for the determination of the statistical
properties of landslide inventories, have given frequency-area distributions for several
landslide data sets. These authors have used the inventory of 11,111 landslides triggered by
the 17 January 1994 Northridge earthquake (Harp and Jibson, 1995, 1996), the inventory of
4233 landslides triggered by rapid snow melting in Umbria on 1 January 1997 (Cardinali et
al., 2000) (§ 3.3.3.2), and a previously not considered inventory listing 9594 landslides
triggered by heavy rainfall from Hurricane Mitch in Guatemala in late October and early
November 1998 (Bucknam, 2001) to estimate a general probability density distribution for
landslide areas. For the purpose, they introduced a three parameters inverse Gamma
distribution that fits well the empirical event landslide data (§ 5.2.1, equation 5.4). Based on
the proposed probability distribution, the scaling exponent of the power law tail of the
distribution that fits the three data sets has a slope, α+1 = 2.4. In the same paper, Malamud et
al. (2004a) showed non-cumulative frequency-density distributions for: (i) landslides in the
Challana Valley collected by Blodgett (1998) and analysed by Pelletier et al. (1997) and
Malamud and Turcotte (1999), (ii) landslides in the Ma-An and Wan-Li catchments in the
Central Range of Taiwan analysed by Hovius et al. (2000), (iii) the reconnaissance
geomorphological landslide inventory available for Umbria (§ 3.3.2.1), and (iv) the detailed
geomorphological landslide inventory for Umbria (§ 3.3.2.2). Again, all the obtained noncumulative distributions showed that: (i) landslides were most abundant for a particular
landslide size, and (ii) obeyed a power law scaling for landslides larger than a minimum size.
The authors attributed the rollover found in the reconnaissance inventories to incompleteness
of the landslide record due to erosion and to limitations in the adopted mapping technique, and
the rollover in the event inventories to a real characteristic of the data sets possibly associated
with the surface morphology or the landslide process.
Rouau and Jaaidi (2003) analysed 759 landslides in the central Rif Mountains of Morocco and,
using cumulative statistics, obtained a scaling exponent α = 1.58. More recently, Korup (2005)
examined the size distribution of a regional medium-scale inventory of 778 landslides in the
mountainous southwest of New Zealand. Using non-cumulative statistics, the author obtained
a power law exponent α+1 = 1.55 for landslide areas in the range from 2×104 to 2×107 m2.
Following the work of Fujii (1969), other investigators have collected information on the
volume of individual landslides. Whalley et al. (1983) examined data (originally collected by
Jónsson, 1976) for 224 large rockslides ranging in size from less than 1×106 to 4×107 m3 in
Iceland. Whitehouse and Griffiths (1983) examined 42 rock avalanche deposits ranging in size
from 1×106 to 5×108 m3 in the central Southern Alps of New Zealand. The cited authors did
not provide frequency-volume statistics for the inventoried landslides. However, inspection of
the published data reveals that the volume of large landslides obeys some kind of power law
scaling. Gardner (1970, 1980, 1983) investigated more than one thousand rock falls and rock
slides in Alberta, Canada, and provided a preliminary relationship between the volume and the
frequency of occurrence (i.e., number of events per year per 100 km2) of the failed materials.
The tentative exponential relationship spanned the range from 10-4 to 107 m3. Hungr et al.
(1999) have given cumulative frequency-volume distribution for 1937 rock falls and rock
slides along the main transportation corridors of south-western British Columbia. The data
correlate reasonably well with a power law relation taking the slope to be α = 0.5 ± 0.2. Dai
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and Lee (2001) have given cumulative frequency-volume statistics for 2811 landslides, mostly
rock falls, in Hong Kong that occurred during the 6-year period between 1992 and 1997. The
data correlate with a power law taking the slope α = 0.8.
Doussage-Peisser et al. (2002) examined the volume distribution for three rock fall
inventories. The first inventory consisted in 87 rock falls that occurred in the 61-year period
from 1935 to 1995 along 120 kilometres of limestone cliffs in the Grenoble area, France. The
mapped rock falls ranged in volume from 10-2 to 106 m3, and exhibited a cumulative frequency
distribution that was approximated by a power law with an exponent α = 0.41, for landslide
volumes in the range from 0.5 to 106 m3. The second data set consisted in 59 rock falls ranging
in size from 4 to 104 m3, which occurred along a 2.2 km section of road 212 in the Arly
gorges, Savoie, France, in the 23-year period from 1954 to 1976. The cumulative frequency
distribution of these rock fall volumes was approximated by a power law function with an
exponent α = 0.45, for rock fall size ranging between 20 and 3000 m3. The third inventory
consisted in more than 400 rock falls inventoried by Wieczorek et al. (1992) for the Yosemite
Valley, California. The cumulative frequency distribution of rock fall volumes for this third
inventory was well approximated by a power law with an exponent α = 0.46, for volumes in
the range from 50 to 600,000 m3. Doussage-Peisser et al. (2002) further compared their
findings with similar studies, including a world-wide inventory of 142 rock falls (DoussagePeisser et al., 2003), and an inventory of 370 instrumental measurements of rock fall failures
occurred over a period of two months at Mahaval, La Réunion. The cumulative frequency
distributions of these two data sets were approximated by power laws with exponent α = 0.52,
and α = 1.0, for the world-wide and the Mahaval inventories, respectively.
Guzzetti et al. (2003b) performed a rock fall hazard assessment for the Yosemite Valley,
California, and exploited an updated version of the catalogue of historical rock falls in
Yosemite National Park compiled by Wieczorek et al. (1992). In this work, Guzzetti et al.
(2003b) obtained a non-cumulative frequency-volume distribution of rock falls in the
Yosemite Valley that was well approximated by a power law with an exponent α+1 = 1.1, for
rock fall volumes in the range from 0.5 m3 to 3.8×106 m3. Guzzetti et al. (2004c), in an attempt
to establish rock fall hazard and risk along a transportation corridor in the Nera and Corno
valleys, Central Italy (§ 2.5 and § 8.3.4.1), used two inventories of earthquake induced rock
falls triggered by seismic shaking in September-October 1997 in the Umbria-Marche
Apennines (Antonini et al., 2002b). The first inventory consisted in 155 landslides inventoried
in the area most affected by seismic shaking, which extended for 1100 km2. Landslides in this
inventory were rock fall, rock slide and topple, and covered the range of volumes between
9.9×10-5 and 2×102 m3. The second inventory consisted in 62 rock falls mapped in the Balza
Tagliata gorge (§ 2.5), along a 2.2 km-long abandoned section of regional road SS 320, which
was closed to traffic years before the earthquake because of the frequency of rock fall in the
Corno River valley. These rock falls ranged in size from 8.1×10-3 to 1.29×102 m3, with a total
volume of 288.87 m3. The non-cumulative frequency-volume distributions for the two
inventories were approximated by a power law with slope α+1 = 1.2, for rock fall volumes in
the range from 5×10-3 to 2×102 m3. Guzzetti et al. (2004c) also presented an inventory of 1696
“rock fall fragments” mapped along the Balza Tagliata gorge. The rock fall fragments were the
individual pieces of rock measured in the field and that resulted from the fragmentation of the
original rock falls at the impact points. The non-cumulative frequency-volume distributions
for the rock fall fragments obeyed a power law relationship with a scaling exponent α+1 = 1.6.
Malamud et al. (2004a) have also analysed the three catalogues of rock falls available for: (i)
the Yosemite area (Wieczorek et al., 1992), (ii) the Grenoble area (Doussage-Peisser et al.,
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2002), and (iii) the Umbria region (Antonini et al., 2002b). These authors have given noncumulative frequency density distributions that were well approximated by a power law with a
slope, α+1 = 1.07. Martin et al. (2002), using the described data set for Queen Charlotte
Islands gave non-cumulative distributions for landslide volumes that were approximated by
power laws with exponent α+1 = 1.87, for primary failures, and α+1 = 2.94 for gully sidewall
failures. Brandinoni and Church (2004), working in the Capilano coastal watershed in British
Columbia, measured the volume of debris mobilized by individual landslides and gave a noncumulative frequency-volume relationship that obeyed a power law relation with exponents
ranging between α+1 = 2.7 and α+1 = 3.6. Issler et al. (2005) performed a statistical study of
submarine debris flows in the Storega landslide area, off the western coast of Norway. These
authors found that the cumulative frequency distribution of landslide volume for the Storega
lobes was well approximated by the logarithmic relationship N LC = 29.6 − 14.2 log VL , with the
volume of the landslide in km3, for submarine landslide volumes in the range from 1×104 to
3×108 m3.
Inspection of the literature has revealed variability in the scaling exponents of the power law
tails of the distributions of landslide areas and of landslide volumes. Part of this variability is
natural, i.e., due to morphological and lithological characteristics. However, a considerable
part of the variability is due to the methods used by the different authors to obtain their
frequency distributions. The latter is unfortunate and should be avoided.

5.2. Methods
Inspection of a landslide inventory map or field survey in an area recently affected by slope
failures reveal that the abundance of landslides varies with the size of the slope failures. As a
first approximation, the number of landslides reduces with the increase of the size (i.e., area or
volume) of the triggered mass movements. As an example, Figure 5.1 shows the distribution
of the areas of 4246 single landslides triggered by rapid snow melt in Umbria in January 1997
(§ 3.3.3.2). Inspection of Figure 5.1 indicates that rapid snow melt in Umbria resulted in a
large number of small landslides and in a very small number of large slope failures. Indeed,
the inventory lists 1789 landslides (42.13%) smaller than 1000 square meters and only 3
landslides (0.07%) larger than 80,000 square meters. Similar results are found for other
inventories, in Umbria and elsewhere. Given that the distribution of the size of the landslides
is not simply distributed (e.g., normally, log-normally, etc.), the problem consists in how to
properly estimate the size distribution of the landslides. In the next sub-section (§ 5.2.1), I
discuss methods to determine the distribution of landslide areas. In sub-section § 5.2.2, I will
examine the problem of the determination of the distribution of landslide volumes.

5.2.1. Statistics of landslide area
The first step in the determination of the distribution of landslide areas consists in obtaining
reliable information on the area of the individual landslides. This is a crucial, often neglected
step in the analysis. Problems related with the compilation and the quality of landslide
inventory maps were discussed in § 3.4, § 4.2 and § 4.3. Here, I assume the inventory is the
“best” possible inventory given the type of mapping (e.g., event, geomorphological, multitemporal), the scale of the maps and of the aerial photographs used to prepare the inventory,
the time available to complete the investigation, and the other factors that affect the quality
and completeness of an inventory.
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Figure 5.1 – Distribution of the area of 4246 individual landslides triggered by rapid snow melt in
Umbria in January 1997 (§ 3.3.3.2). In the graphs, x-axes show rank order, from largest to smallest
landslide, y-axes show landslide area, in square meters. (A) linear-linear plot; (B) log-linear plot; (C)
log-log plot.

The information used to estimate the distribution of landslide areas is most commonly
obtained from a digital version of a landslide inventory map. Usually, some work is needed to
arrange the data available in the GIS for the statistical analysis. The type and amount of work
depend on the quality, type and abundance of the landslide information, and on the structure
and organization of the GIS database. For landslide inventories in which the crown (or
depletion) area is mapped separately from the deposit (e.g., § 3.3.2.2), the two areas can be
merged and the total landslide area is used for statistical analysis. Where smaller slope failures
are mapped inside larger landslide polygons – a common case for detailed geomorphological
and multi-temporal landslide inventories (e.g., Figure 3.10) – slope failures of different type
and age must be separated to obtain the area of each individual landslide. The size of the
polygons representing landslides in the digital inventory must be checked for consistency.
Landslide polygons unrealistically too small given the scale of the aerial photographs and the
base maps used for the investigation, or that were the result of inaccurate digitization or other
GIS operations (e.g. “sliver” polygons), should be checked and eventually excluded from the
analysis. Similarly, landslides too large given the morphological and lithological setting of the
study area should be carefully examined to determine if they represent a single landslide or
multiple mass movements, or if they were the result of erroneous or inaccurate digitization.
When a reliable list of areas of individual landslides is available, this information can be used
to determine the frequency and probability distributions of landslide areas. For the purpose,
both “cumulative” and “non-cumulative” statistics can be adopted. In cumulative statistics, the
cumulative number of landslides NLT with areas greater than AL is plotted as a function of AL.
In non-cumulative statistics, the number of landslides NL is plotted against AL. Figure 5.2.A
shows the cumulative distributions of landslide areas for the reconnaissance geomorphological
inventory (§ 3.3.2.1) (red line in Figure 5.2.A), and the detailed geomorphological inventory
(§ 3.3.2.2) (blue line in Figure 5.2.A) in Umbria. The thick lines in this figure are power laws
obtained by linear fitting (least square method) of the largest 1000 landslides in the two
inventories. The scaling exponents of the power laws are: α = 1.74 for the reconnaissance
inventory, and α = 1.95 for the detailed geomorphological inventory, respectively.
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Figure 5.2 – (A) cumulative frequency-area distributions for two landslide data sets in Umbria. (B)
non-cumulative frequency-area distributions for the same data sets, obtained by differentiating the
cumulative distributions. Thin red lines show 5270 landslide areas obtained from the reconnaissance
geomorphological inventory of Umbria (§ 3.3.2.1). Thin blue lines show 44,715 landslide areas
obtained from the detailed geomorphological inventory of Umbria (§ 3.3.2.2). Think lines are power
law fits (least square method) of the largest 1000 landslides in the two inventories.

Inspection of the literature (§ 5.1) reveals that many investigators have preferred to adopt
cumulative statistics to represent the distribution of landslide areas (e.g., Fujii, 1969; Ohmori
and Hirano, 1988; Sasaki et al., 1991; Sugai et al., 1994; Ohomri and Sugai, 1995; Hovius et
al., 1997, 2000; Pelletier et al., 1997; Raouau and Jaaidi, 2003; Guthrie and Evans, 2004a,b).
This is perhaps justified by the fact that: (i) cumulative distributions and the related statistics
are simple to obtain – one has only to rank the landslides on their area, e.g., from smallest to
largest, and plot the landslide size against a measure of the proportion of the landslides (e.g.,
the number, frequency, annual frequency, annual frequency in a given area, etc.); and (ii)
cumulative statistics can be obtained for data sets listing a very small number of landslides.
Stark and Hovius (2001) pointed out that representing the area distribution of landslides as a
cumulative distribution is not advisable because: (i) any crossover from non-power law to a
power law scaling is hidden in the integration smoothing and difficult to identify precisely,
and (ii) the residual in the estimates of the cumulative probability are strictly one-sided and
asymmetrically distributed, biasing any regression fit which assumes normally distributed
errors. Thus, non-cumulative distributions are more desirable.
A non-cumulative power law relation:

dN CL
−α
= cAL
dAL

(5.1)

with NCL the non-cumulative number of landslides, AL the landslide area, and c and α constant
values, is equivalent to the cumulative distribution:
N LC = c' AL

− ( α −1 )

(5.2)

Note that the scaling exponent for the non-cumulative distribution is α+1, where α is the
scaling exponent of the equivalent cumulative distribution.
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Guzzetti et al. (2002) exploited this characteristic to obtain the non-cumulative distribution by
differentiating the equivalent cumulative distribution. The method requires the landslide areas
are arranged from largest to smallest, and that a cumulative distribution is obtained from the
ranked areas, which is then converted to a non-cumulative distribution. The non-cumulative
distribution is defined as the negative of the derivative of the cumulative distribution,
n( AL ) = −dNCL / dAL , and it is calculated by approximation as the slope of the best-fit line to a
specified number (usually five) of adjacent cumulative data points. The result is then
normalized to the total mapped landslide area, ALT, and a linear fit (in log-log space) is
performed to establish the characteristics (i.e., scaling exponent and intercept) of the power
law tail of the obtained non-cumulative distribution. An example is given in Figure 5.2.B for
the regional geomorphological inventories available for Umbria (§ 3.3.2.1 and § 3.3.2.2).
A more appropriate way of representing non-cumulative distributions consists in constructing
a histogram from the available catalogue of landslide areas. To construct a histogram, we
divide the interval covered by the data values into equal sub-intervals, known as “bins”. When
we construct a histogram, we need to consider two main points: the size of the bins (the “bin
width”) and the end points of the bins. Different strategies are possible, which involve using
linear or logarithmic bins to obtain the histogram, and linear or logarithmic coordinates to
display the obtained distribution. Figure 5.3 shows examples for the inventory of snowmelt
induced landslides in Umbria (§ 3.3.3.2).
In Figure 5.3, histograms on the left side were obtained using linear bins, i.e. bins of equal size
in linear coordinates (in this case 50 m2) covering the entire range of landslide sizes (i.e., from
AL = 30 m2 to AL = 180,000 m2), whereas histograms on the right side of the Figure were
obtained using logarithmic bins, i.e. bins of increasing width in linear coordinates but of
constant width in logarithmic coordinates. In this figure, histograms on the same raw display
the non-cumulative distribution of landslide areas for the snow melt event in Umbria using,
from top to bottom, linear-linear coordinates, log-linear coordinates, and log-log coordinates.
Inspection of Figure 5.3 indicates that best results are obtained using logarithmic bins and
adopting logarithmic coordinates to display the results.
When constructing a histogram in log-log space, care must be taken to correctly normalize the
bins, considering if the bins are in linear or logarithmic coordinates. This is done in Figure 5.3,
which shows the frequency density and the probability density of landslide areas. The
frequency density was computed by normalizing the number of landslides in each logarithmic
bin by the width of the bin. The probability density was obtained by further normalizing the
frequency density found in each logarithmic bin by the total number of landslides in the
inventory.
Construction of a histogram may result in problems, particularly in the bins where the data are
scarce, most commonly on the tail of the distribution. This is because histograms are not
smooth, and they depend on the selection of the end points of the bins and on the width of the
bins. These problems can be alleviated using kernel density estimation. In kernel density
estimation, we centre a “kernel” of given width at each data point, and we estimate the density
within the kernel. The kernel is then moved across the entire range of data, providing a smooth
estimation of the density. Kernel of different types can be used, including uniform, triangular
and Gaussian (normal). Figure 5.3 shows a comparison between the probability density
obtained by construction of the histogram and by using kernel density estimation.
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Figure 5.3 – Non-cumulative distributions of landslide areas produced by rapid snow melt in Umbria
on January 1997 (§ 3.3.3.2). (A) Frequency density of landslide area. (B) Probability density of
landslide area. (C) Comparison of the probability densities obtained constructing a histogram using
logarithmic bins (red bars) and obtained by kernel density estimation (light blue dots).

Once the frequency density or the probability density have been reliably estimated (Figure
5.3), one can fit a function to the obtained distribution. Two distributions have been proposed
to describe the probability density of landslide areas: (i) the double Pareto distribution of Stark
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and Hovius (2001) and (ii) the truncated inverse Gamma distribution of Malamud et al.
(2004a).
The double Pareto probability distribution of Stark and Hovius (2001) is given by:

[

]

β/ α
⎤
β ⎡ 1 + ( m / t )− α
−( α +1 )
PAL ( AL ; α ,β ,c ,m ,t ) =
⎢
⎥( AL / t )
1
+
(
β
/
α
)
−
α
l( 1 − δ ) ⎢⎣ 1 + ( AL / t )
⎥⎦

[

]

(5.3)
β/α

⎡ 1 + ( m / t )− α ⎤
where: α > 0 , β > 0 , 0 ≤ c ≤ t ≤ m ≤ ∞ , and with δ = y( c ) = ⎢
. In equation
−α ⎥
⎣1 + ( AL / t ) ⎦
5.3, the five parameters (α, β, c, m and t) control: (i) α, the slope of the power law tail for large
landslide areas; (ii) β, the slope of the power law decay of the distribution for small landslide
areas; (iii) c and m, the cut off values for small and large landslides, respectively; and (iv) t,
the maximum value of the probability distribution, i.e., the area, AL, for which landslides are
most abundant and below which a rollover occurs in the distribution.
The inverse Gamma probability distribution of Malamud et al. (2004a) is given by:
1 ⎡ t ⎤
p ( AL ; α ,t , s ) =
⎢
⎥
tΓ(α) ⎣ AL − s ⎦

α +1

⎡
t ⎤
exp ⎢ −
⎥
⎣ AL − s ⎦

(5.4)

where: Γ(α) is the gamma function of α, α > 0 , t > 0 , and s ≤ AL < ∞ . In equation 5.4, α
controls the power law decay for medium and large landslide areas, t primarily controls the
location of the maximum of the probability distribution, and s primarily controls the
exponential decay for small landslide areas.

Figure 5.4 – Comparison of the probability densities of landslide areas produced by rapid snow melt
in Umbria on January 1997 obtained by the double Pareto distribution of Stark and Hovius (2001)
(eq. 5.3) and the inverse Gamma distribution of Malamud et al. (2004a) (eq. 5.4).
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Figure 5.4 portrays the probability density of landslide areas produced by rapid snow melt in
Umbria on January 1997 (§ 3.3.3.2) obtained from equation 5.3 (red dots) and equation 5.4
(light blue dots). As it can be seen, the two distributions are very similar. The scaling exponent
of the power law tail, α+1, was found 2.25 (std. dev. 0.03) for the double Pareto distribution,
and 2.33 (std. dev. 0.04) for the inverse Gamma distribution. The area for which landslides
were predicted most abundant (i.e., the peak in the probability density distribution) was AL =
514 m2 for double Pareto (std. dev. 58 m2) and AL = 1382 m2 for inverse Gamma (std. dev. 66
m2). Thus, the double Pareto distribution predicts a slightly larger number of very large
landslides, and a size for the most abundant landslides smaller than what is predicted by the
inverse Gamma distribution.

5.2.2. Statistics of landslide volume
The methodological and the practical considerations discussed for the determination of the
frequency density and the probability density of landslide areas hold for the determination of
the similar statistics for landslide volume. As for landslide areas, obtaining a reliable catalogue
of landslide volume is difficult and time consuming. A significant difference consists in the
fact that the volume of a landslide cannot be readily obtained from an inventory map, but must
be measured directly in the field. This limits the applicability of the method to small areas or
to archive of empirical measurements.
Some authors (e.g., Simonett, 1967; Innes, 1983; Hovius et al., 1997; Wise, 1997; Iverson et
al., 1998; Capra et al., 2002; Legros, 2002; Crosta et al., 2002; Guthrie and Evans, 2004b,
Issler et al., 2005) have proposed correlations between the area and the volume of mass
movements. These are mostly power law relationships of the type VL = kALα. These
relationships can be used to evaluate the frequency-volume statistics of landslides starting
from a list of landslide areas obtained, e.g., from a landslide inventory map. However,
reliability of the results remains largely undetermined.
Figure 5.5 shows the probability density of landslides volumes obtained from ten landslide
catalogues, including: (i) two catalogue listing rock falls in Umbria triggered by earthquakes
in September-October 1997 (§ 3.3.3.3), (ii) the catalogue of historical rock falls in the
Yosemite National Park, California (Wieczorek et al., 1992), (iii) a list of rainfall induced soil
slips and debris flows in Puerto Rico (Larsen and Torres-Sánchez, 1998), (iv) a list of selected
historical landslides in Italy (§ 3.3.1.1), (v) four incomplete lists of world wide volume data
for debris flows, for landslides in volcanic and non-volcanic materials, and for submarine
landslides, and (vi) a list of the volume of selected landslides on Mars (McEwen, 1989).
Inspection of the Figure reveals that, despite variability in the data, a general trend exists in the
probability density of landslide volumes, as most of the empirical observations align along a
power law with a slope of ~ -1.0.
Based on empirical observations, and comparing Figure 5.4 and Figure 5.5, the major
difference between the probability density of landslide areas and the probability density of
landslide volumes lays in the fact that the latter does not exhibit a rollover for small landslide
volumes which can be safely attributed to physical (e.g., geomorphological) reasons.
Reasonably complete catalogues of landslide volumes obey a power law scaling across a
significant range of volumes, and the rollover present in some of the published rock fall data
sets is attributable to incompleteness of the catalogues.
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Figure 5.5 – Probability density of landslide volumes for different landslide catalogues. (A) Rock
falls triggered by the Umbria – Marche earthquakes in September-October 1997 (Antonini et al.,
2002b) (§ 3.3.3.3). (B) Rock falls triggered along the Balza Tagliata canyon by the Umbria – Marche
earthquakes in September-October 1997. (C) Rock falls in the Yosemite National Park (Wieczorek et
al., 1992). (D) Rainfall induced soil slips and debris flows in Puerto Rico (Larsen and TorresSánchez, 1998). (E) Historical landslides in Italy (the AVI project, § 3.3.1.1). (F) World wide debris
flow data, various sources. (G) World wide data for landslides in non-volcanic materials, various
sources. (H) World wide data for landslides in volcanic materials, various sources. (I) World wide
data on submarine landslides, various sources. (J) Martian landslides (McEwen, 1989). Grey line is
power law with exponent -1.0.

5.3. Applications to the Umbria Region inventories
I this section, I use the methods presented before to obtain and study the statistics of landslide
area for multiple data sets available in Umbria. First, I further exploit the opportunity of
having three different landslide inventory maps for the Collazzone area to attempt a
measurable assessment of the degree of completeness of the three landslide maps (Figure
3.14). Next, I compare statistics of landslide area in Umbria obtained from geomorphological,
event, and multi-temporal inventory maps.

5.3.1. Completeness of the landslide inventory maps in the Collazzone area
Figure 5.6.A shows the dependence of the landslide probability density on landslide area for
the three inventory maps available for the Collazzone area (Figure 3.14). Figure 5.6.B shows
the relationship between landslide frequency and landslide area for the same three inventories.
In a previous example (Figure 5.4) I have shown that equations 5.3 and 5.4 provide very
similar results in Umbria. Hence, here I show only statistics obtained from equation 5.4, i.e.
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the inverse Gamma distribution of Malamud et al. (2004a). The statistics shown in Figure 5.6
were obtained from: (i) 143 landslides listed in the reconnaissance inventory in the Collazzone
area (Figure 3.14.A), (ii) 1143 landslides shown in the detailed geomorphological inventory in
the same area (Figure 3.14.B), and (iii) 2564 landslides shown in the multi-temporal inventory
(Figure 3.14.C). To calculate the statistics, I first obtained the area of the individual landslides
in the three inventories from the GIS database. Care was taken to calculate the exact size of
each landslide, avoiding topological and graphical problems related to the presence of smaller
landslides inside larger mass movements. This problem was particularly relevant for the multitemporal inventory map, which has a number of small landslides nested within larger landslide
areas, and was also significant for the detailed geomorphological inventory. In the detailed
geomorphological inventory and in the multi-temporal inventory, the crown area was mapped
separately from the deposit. For the analysis, I merged in the GIS the crown area and the
deposit of each landslide, and I considered the total area of each mapped landslide.
Table 5.1 summarizes the most significant statistics for the inverse Gamma (eq. 5.4, Figure
5.6) and the double Pareto (eq. 5.3) distributions. Inspection of Figure 5.6 indicates that the
probability density function obtained from the reconnaissance inventory differs significantly
from the statistics obtained from the other two landslide maps. The reconnaissance mapping
severely underestimates the number of small and medium size landslides. This is confirmed by
the area of the most abundant landslides (Â) shown in the reconnaissance landslide map,
which is ~ 30,000 m2 (average of the two estimates shown in Table 5.1). This figure compares
with ~ 820 m2 for the multi-temporal map, and ~ 1170 m2 obtained for the detailed
geomorphological map. The power law tails of the three distributions, which control the
abundance of the largest expected landslides, are also different. The scaling exponent (α+1)
for the reconnaissance map is steeper (in the range from 2.87 to 2.94) than the scaling obtained
for the detailed geomorphological map (from 2.35 to 2.46) and for the multi-temporal map
(from 2.17 to 2.18). I attribute the difference to the lack of small and medium size landslides
in the reconnaissance inventory. Based on the value of the exponent α+1, the multi-temporal
inventory forecasts a larger number of large and very large failures (AL > 100,000 m2), when
compared to the detailed geomorphological landslide map.
Table 5.1 – Comparison of the statistics of landslide area for the Collazzone study area. Values of α+1
show the scaling exponent of the power law tail of the obtained distributions. Values in parenthesis are
standard deviation of α. Â is the area of the most frequent landslide in the estimated distributions.
Reconnaissance inventory: 143 landslides (Figure 3.14.A); detailed geomorphological inventory: 1143
landslides (Figure 3.14.B); multi-temporal inventory: 2564 landslides (Figure 3.14.C).
double Pareto inverse Gamma
α+1

Reconnaissance inventory (§ 3.3.2.1)
Detailed geomorphological inventory (§ 3.3.2.2)
Multi-temporal inventory (§ 3.4.1.1)

Reconnaissance inventory (§ 3.3.2.1)
Â (m2) Detailed geomorphological inventory (§ 3.3.2.2)
Multi-temporal inventory (§ 3.4.1.1)
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2.94 (0.218)
2.35 (0.055)
2.18 (0.034)

2.87 (0.111)
2.46 (0.080)
2.17 (0.040)

32,408
1172
745

27,664
1172
908
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Figure 5.6 – Collazzone area. (A) Probability density of landslide areas for the three available
landslide inventory maps (Figure 3.14). Arrows and vertical lines show predicted size of most
abundant landslides. (B) Frequency density of landslide area for the three available landslide
inventory maps. Legend: blue line, reconnaissance geomorphological inventory (§ 3.3.2.1); red line,
detailed geomorphological inventory (§ 3.3.2.2); green line, multi-temporal inventory (§ 3.4.1.1).
Statistics obtained from equation 5.4.
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As I explained before, Figure 5.6.A shows the dependence of the landslide probability density
on landslide area, whereas Figure 5.6.B shows the dependence of the landslide frequency on
the size of the landslides. The former is equivalent to the latter through normalization on the
total number of landslides in the data set. The two Figures provide complementary
information, and their comparison is instructive. In the probability density plot (Figure 5.6.A)
the similarity between the detailed geomorphological map (red line) and the multi-temporal
map (green line) is apparent. The graph allows for measuring the difference in the predicted
size of the most abundant landslides. Clearly, the size predicted by the reconnaissance
inventory is much too large, when compared to the area predicted with the more detailed
inventories. Note than the area predicted for the most abundant landslide is very similar for the
detailed geomorphological (1172 m2) and the multi-temporal (908 m2) maps. The obtained
figures correspond to very similar landslides (at the scale of the investigation) of
approximately 34 m × 34 m and 30 m × 30 m (assuming a landslide length-width ratio of 1.0),
or approximately 49 m × 24 m, and 43 m × 21 m (assuming a landslide length-width ratio of ~
2.0). However, the multi-temporal map identifies a significantly larger number of small and
very small landslides, and a larger number of large and very large landslides. This is important
information for landslide hazard assessment (§ 7).
Figure 5.6.B allows for understanding the relation between the proportions of landslides of
different sizes shown in the three inventories. Assuming the multi-temporal map provides a
reliable estimate of the abundance of landslides at all sizes in the study area, the detailed
geomorphological inventory systematically underestimates the number of landslides in the
study area. The underestimation is clearly more severe for small and very small landslides.
This systematic underestimation can be attributed to various causes, including: (i) less
complete mapping of the very small landslides, (ii) errors in the identification of very large
landslides, which are not shown in the geomorphological inventory (Figure 3.14.B), and (iii)
the spatial persistence of landslides in the Collazzone area, which is poorly captured by the
geomorphological inventory prepared using only two sets of aerial photographs (§ 3.3.2.2). In
Figure 5.6.B, it is clear that the reconnaissance mapping severely underestimates the frequency
of landslides at almost all sizes, and particularly for landslide smaller than ~ 5×104 m2.
Interestingly, for medium-large landslides (8×104 m2 < AL < 2×105 m2) the reconnaissance
map provides a reliable estimate of the abundance of the landslides – at least in the Collazzone
area. This is probably due to the technique used to identify the landslides, including the scale
of the aerial photographs used for the interpretation.

5.3.2. Statistics of landslide areas in Umbria
The analysis discussed in the previous section was limited to the Collazzone area. I now
extend the analysis to the Umbria Region, using the entire catalogues of landslide areas
obtained from the reconnaissance (§ 3.3.2.1) and the detailed geomorphological (§ 3.3.2.2)
inventories, and not just the portion of these maps that encompasses the Collazzone area. Next,
I include in the analysis new data sets describing old and recent rainfall induced landslides in
different areas of the Umbria Region. Given the differences in the area covered by the
considered landslide maps, use of the frequency statistics is not appropriate and, in the
following, only the probability density of landslide area is shown. Also, given the established
similarity between the probability density obtained from the double Pareto distribution (eq.
5.3) and the inverse Gamma distribution (eq. 5.4), only the latter is considered. The descriptive
statistics of the considered inventories are given in Table 5.2, and the probability density
estimates are shown in Figure 5.7.
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Table 5.2 – Comparison of the statistics of landslide area in Umbria. Type refers to the type of
inventory: G, geomorphological inventory; E, event inventory; ME, multiple events inventory; MT,
multi-temporal inventory. Values of α+1 show the scaling exponent of the power law tail of the
obtained distributions. Values in parenthesis are standard deviation of α.
Dataset

§

Landslide Area (m2)

Type

α+1

#

mean

min

max

Regional reconnaissance

3.3.2.1

G

5270

84,169

220

3.1×106

Detailed geomorphological

3.3.2.2

G

46,379

12,058

40

1.4×106

Rainfall induced landslides
(1937-41)

3.3.3.1

ME

861

3954

74

1.1×105

Snowmelt induced landslides
(1997)

3.3.3.2

E

4246

3019

39

1.5×105

ME

628

2468

15

6.0×104

MT

2189

4362

78

1.5×106

Rainfall induced landslides
(2004)
Multi-temporal inventory
(Collazzone)

3.3.4.1

DP
2.59
(0.028)
2.26
(0.009)
2.65
(0.092)
2.25
(0.027)
2.55
(0.114)
2.55
(0.055)

IG
2.91
(0.046)
2.26
(0.011)
2.84
(0.107)
2.33
(0.038)
2.47
(0.128)
2.66
(0.078)

There is much to be learnt from the analysis of Figure 5.7. First, all obtained probability
densities exhibit a similar trend. The probability density increases with the area of the
landslide up to a maximum value, where slope failures are most abundant, then it decays along
a power law. The slope of the power law tail of the distribution ranges from α+1 = 2.26 to α+1
= 2.91.
The size of the most abundant landslide exhibits a much larger variation. To facilitate the
investigation of the relationships between the size of the most abundant landslide and the type
of the inventory, in Figure 5.7 the different types of inventories (i.e., geomorphological, event,
multiple-events, multi-temporal) are shown with different symbols. The reconnaissance map
(§ 3.3.2.1) clearly underestimates the abundance of the smallest landslides. The most abundant
slope failures in this inventory have an area of ~ 2.5×104 m2, six times larger than the area
predicted by the detailed geomorphological inventory (~ 4×103 m2), and at least eight times
larger than the area predicted by the 1997 snowmelt event inventory (~ 3×103 m2). When
compared to the other inventories, the two geomorphological maps show a larger proportion of
large and very large landslide areas. For the reconnaissance mapping this is evident for
landslides larger than ~ 1×104 m2, and for the detailed geomorphological mapping for
landslides larger than ~ 2×103 m2. This finding has several reasons. The geomorphological
maps do not show small landslides, which were not visible in the single set of medium scale
aerial photographs used to obtain the landslide information. In places, the geomorphological
inventories show a number of coalescent landslides as a single larger landslide (or landslide
area), overestimating the size of the larger slope failures. Lastly, the reconnaissance mapping
is affected by cartographic inaccuracies, which also lead to overestimation of the size of the
large landslides (§ 3.4, Carrara et al., 2002).
Noticeably, the multi-temporal inventory obtained for the Collazzone area is not affected by
this bias, indicating the ability of a good quality multi-temporal landslide map to reliably
describe the size of the landslides, at least for slope failures having AL ≥ 1.5×103 m2. This is an
important result, as it provides the rationale for using information on landslide size obtained
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from multi-temporal landslide maps to ascertain the probability of landslide area, vital
information to determine landslide hazard (§ 7).
Further inspection of Figure 5.7 indicates that the inventories prepared following the 1997
snowmelt event and the multiple rainfall events in 2004 provide the smallest estimate for the
area of the most abundant landslide (i.e., ~ 500 m2) which is in good agreement with what
predicted by the general inverse Gamma probability density distribution of Malamud et al.
(2004a). Also, the event, the multiple-events, and the multi-temporal inventories exhibit a
power law tail in good agreement with what predicted by Malamud et al. (2004a).

Figure 5.7 – Umbria Region. Probability density of landslide areas for six different landslide
inventories. Geomorphological inventories are shown by continuous lines. Event and multiple events
inventories are shown by dotted lines. The Collazzone multi-temporal inventory is shown by a dashed
line. Also shown is the general probability density of landslide areas proposed by Malamud et al.
(2004a). Probability density obtained using equation 5.4.
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5.4. Discussion
Frequency-size statistics of landslides are important for the quantification of erosion processes
in mountain areas. Statistics of landslide area and volume have been used to determine
sediment fluxes and to the estimate denudation rates (Hovius et al., 1997, 2000; Martin et al.,
2002; Lavé and Burbank, 2004; Malamud et al., 2004b). The Frequency-size statistics of
landslides are also important for the quantification of landslide hazard (Malamud et al., 2004a;
Guzzetti et al., 2005a). A discussion on these topics is not within the scope of this work (§
1.2). In the following, I will concentrate on two relevant issues, namely: (i) why medium and
large landslides consistently satisfy a power law (i.e., fractal) frequency-area statistics, and (ii)
why small and very small landslides systematically deviate from the power law correlation. I
will also investigate the differences between the frequency-area and the frequency-volume
statistics observed in the available empirical data.
There is now clear evidence that medium and large size landslides consistently satisfy power
law frequency-area statistics. Reasons for this behaviour remain undetermined. One potential
explanation for this power law behaviour is the concept of self-organized criticality (SOC,
Back et al., 1987, 1988). This concept was introduced to explain the behaviour of the
“sandpile” model. In this model, there is a square grid of boxes, at each time step a particle is
dropped into a randomly-selected box. When there are four particles in a box they are
redistributed to the four adjacent boxes, or in the case of boxes on the boundaries of the grid,
are lost. A single redistribution can lead to an “avalanche” of redistributions. The size of the
“avalanche”’ is the area of boxes AB participating in the redistributions. The non-cumulative
−1.0
number of “avalanches” NA with area AB satisfies the power law distribution N A ≈ AB
(Kadanoff et al., 1989).
Noever (1993) has associated the power law frequency-area statistics of large landslides with
the “sandpile” model and the concept of self-organized criticality. However, there is a large
extrapolation from the “sandpile” model to actual landslides. The available empirical data
indicate that, for the medium and large landslides, the power law exponent is α+1 = 2.4 ± 0.4,
considerably larger than the value of 1.0 predicted by the “sandpile” model (Malamud et al.,
2004a). This is not surprising considering the simplicity of the model and the threedimensional nature of actual landslides, and could indicate that a revision of the “rules” for the
“sandpile” model is needed for a realistic analogue of actual landslides in nature. Pelletier et
al. (1997) have combined a slope stability analysis with a soil-moisture analysis and found a
power law distribution. The cumulative frequency-area distribution of the modelled landslides
found by these authors has a scaling exponent α = 1.6. Hertgarten and Neugebauer (2000)
have used a numerical model combining slope stability and mass movement and found an
approximation to a power law distribution with an exponent of α+1 ~ 2.1. More recently, these
authors have used a cellular-automata model with time-dependent weakening, similar to the
“sandpile” model, and found a power law distribution with α+1 ~ 2.0 (Hertgarten and
Neugebauer, 2000). Czirók et al. (1997) performed laboratory experiments using a micromodel of a ridge and produced landslides by spraying the ridge with water, thus simulating
rainfall. These authors obtained a density distribution for the area of the micro-landslides that
correlated with a power law with α+1 ~ 1.0, in good agreement with the “sandpile” model
prediction, but different from what is observed in natural landslides. Although it is certainly
possible to develop idealized models that reproduce the observed power law dependence of
actual landslide data, there is a real question whether these models are realistic in terms of the
governing physics (Turcotte et al., 2002).
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Despite its clear limitations, the relatively simple “sandpile” model may provide the basis for
understanding the power law statistics of large landslides (Malamud et al., 2004a; Turcotte et
al., 2002). In the “sandpile” model the region over which an avalanche will spread is well
defined prior to the avalanche. Similarly, the area over which a landslide will spread can be
defined before the landslide is triggered. In both, there are metastable areas. As particles are
added, the metastable avalanche areas grow. As mountains grow, metastable landslide areas
also grow. Detailed studies of the “sandpile” model show that this growth is dominated by the
coalescence of smaller metastable regions (Turcotte, 1999). Also, the coalescence cross
sections lead directly to a power law distribution of metastable areas. It can be expected that a
similar coalescence and growth process would be applicable to metastable landslide areas,
explaining the observed power law frequency area distribution of large landslides.
There is also good evidence that landslide area obtained from reasonably complete (for
statistical purposes) empirical inventories deviate from the power law correlation for small
landslides. The reasons for this behaviour are also undetermined. One possibility is that the
rollover scale has a geomorphological explanation (Guzzetti et al., 2002). The rollover occurs
for linear scales less than about 30 meters, which is the scale on which well defined stream
networks form. The incision associated with stream and river networks would be expected to
play a significant role in the geometry of landslides, at least for climatically controlled slope
failures. For climatically controlled landslides, water and groundwater are important issues
and both relate to the size of the slope, which in turn depends on the pattern and density of the
drainage network. For seismically induced landslides, the relationship is less clear. These
landslides, and particularly rock falls and disrupted rock slides, occur where slopes are steeper,
where the seismic shaking concentrates, and where the rock is weaker. An alternative
explanation for the rollover of the data is that this scale represents a transition from failures
controlled mostly by cohesion through the sliding mass to failures controlled mostly by basal
friction. Deviation from the power law scaling for small landslide areas may also reflect
geometrical characteristic of the landslides. Very large landslides exhibit – necessarily – a
larger area to volume ratio. The same ratio for small landslides will depend on the type of
landslides. Shallow soil slides have an area to volume ratio of 0.2 or lower, whereas small rock
falls may exhibit a ratio close to 1.0 (i.e., a cube of rock sliding on one of the faces). This may
also explain why the statistics of landslide volume do not change for small landslides. Indeed,
in the statistics of landslide volume given in Figure 5.5 several different types of landslides are
shown, including rock falls.
Frequency-size statistics of landslides have implications for landslide hazard and risk
assessment. In § 7.3, I will use the probability density of landslide area obtained from a multitemporal inventory to measure the magnitude of the expected slope failures; mandatory
information to ascertain landslide hazard. There are other ways to use the statistics of landslide
size to ascertain landslide hazards. Malamud et al. (2004a) investigated three substantially
complete landslide event inventories (including the landslides triggered by rapid snow melting
in Umbria in 1997, § 3.3.3.2) and proposed a general probability density distribution for
landslide area. This general distribution is based on their inverse Gamma distribution (eq. 5.4),
taking α+1 = 2.40, t = 1.28×103 m2, and s = -1.32×102 m2. Using their general distribution,
these authors computed descriptive statistics for landslides, including the average area of a
landslide in an inventory (ĀL =3.07×103 m2). Assuming the applicability of the proposed
general distribution, other useful statistics can be computed. Where the total number of
landslides in a (complete) inventory is known, the total landslide area (ALT =ĀL×NLT =
(3.07×103 m2) × NLT), and the area of the largest expected landslide (ALmax = (1.10×103 m2) ×
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NLT0.714) can be easily determined. Further, assuming a relationship between landslide volume
and landslide area of the type VL = εAL1.50, the average landslide volume, VL , the total
landslide volume, VLT, and the maximum landslide volume, VLmax, can also be determined
(Malamud et al., 2004a,b). This is important information to ascertain landslide hazard and risk
(e.g., Cardinali et al., 2002; Reichenbach et al., 2005).
Based on the same general probability density distribution for landslide areas, Malamud et al.
(2004a) proposed a magnitude scale, mL, for a landslide event, and defined it as the logarithm
to the base 10 of the total number of landslides associated with the event (eq. 5.5). This is
similar to what was proposed by Keefer (1984) and later by Rodríguez et al. (1999) who used
a scale to quantify the number of landslides in earthquake-triggered landslide events: 1001000 landslides were classified as a two, 1000-10,000 landslides a three, etc. Knowing the
total number of landslides triggered by an event, the landslide magnitude of the event is
determined as:

mL =log10 NLT

(5.5)

Using this scale, the rapid snowmelt event that resulted in 4246 landslides in January 1997 in
Umbria (§ 3.3.3.2) has a landslide magnitude mL = 3.63. This compares with a landslide
magnitude mL = 2.80 for the prolonged rainfall periods that triggered 628 landslides in Umbria
in 2004.
Malamud et al. (2004a,b) further combined the landslide volume statistics obtained from their
general distribution, with an empirical correlation obtained by Keffer (1994) between the total
volume of landslides, VLT, triggered by an earthquake and the magnitude ME of the
earthquake, and obtained an approximate relation between the earthquake magnitude ME and
the magnitude of the landslide event, mL, triggered by the earthquake. This relation is

mL =1.29ME – 5.65

(5.6)

This is important information for the determination of the hazard posed by earthquake induced
landslides. Unfortunately, no similar correlations are available for landslides triggered by
rainfall or snowmelt, largely because no established measure exists for the magnitude of these
meteorological events.

5.5. Summary of achieved results
In this chapter, I have:
(a) Shown how to obtain reliable statistics of landslide area and volume from landslide
inventory maps or landslide catalogues.
(b) Demonstrated how statistical information on landslide area can be used to evaluate the
completeness of a landslide inventory, contributing to establish the quality of the
inventory.
(c) Shown how statistics of landslide area and volume can prove useful to determine landslide
hazard and the associated risk.
This responds to Question # 4 and contributes to respond to Question # 2 given in the
Introduction (§ 1.2).

111

6. LANDSLIDE SUSCEPTIBLITY ZONING
The process of categorizing …
involves an act of invention.
(Bruner, Goodnow and Austin
A Study of Thinking, 1956)

In the literature, confusion exists between the terms landslide “susceptibility” and landslide
“hazard”. Often, the terms are used as synonymous despite the two words expressing different
concepts. Landslide susceptibility is the likelihood of a landslide occurring in an area on the
basis of local terrain conditions (Brabb, 1984). It is the degree to which a terrain can be
affected by slope movements, i.e., an estimate of “where” landslides are likely to occur.
Susceptibility does not consider the temporal probability of failure (i.e., when or how
frequently landslides occur), nor the magnitude of the expected landslide (i.e., how large or
destructive the failure will be) (Committee on the Review of the National Landslide Hazards
Mitigation Strategy, 2004). In mathematical language, landslide susceptibility is the
probability of spatial occurrence of slope failures, given a set of geo-environmental conditions.
This is called “landslide analysis” by Vandine et al. (2004). Landslide hazard is the probability
that a landslide of a given magnitude will occur in a given period and in a given area. Besides
predicting “where” a slope failure will occur, landslide hazard forecasts “when” or “how
frequently” it will occur, and “how large” it will be (Guzzetti et al., 2005a). Landslide hazard
is more difficult to obtain than landslide susceptibility, as susceptibility is a component (the
spatial component) of the hazard. More generally, landslide susceptibility consists in the
assessment of what has happened in the past, and landslide hazard evaluation consists in the
prediction of what will happen in the future.
In this Chapter, I discuss landslide susceptibility zoning, whereas landslide hazard modelling
will be dealt with in § 7. Here, I review the methods proposed to ascertain landslide
susceptibility, including an analysis of the types of mapping units most commonly adopted,
and of the relationships between the selected mapping units and the adopted susceptibility
methods. I then examine a probabilistic model for landslide susceptibility, including problems
and difficulties in its application, and I present an example of a landslide susceptibility model
for the Upper Tiber River basin, an area that extends for about 4100 km2 in central Italy.
Lastly, I discuss the problem of the verification of the performances of a landslide
susceptibility model, including examples for the Collazzone area, in central Umbria.
In the following, I will often refer to the literature on landslide hazard, including some of my
own work (e.g., Guzzetti et al., 1999a). This is because of two reasons: (i) due to the
mentioned confusion between susceptibility and hazard, literature on landslide hazard often
discusses methods and techniques to obtain landslide susceptibility (and not landslide hazard);
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and (ii) some of the arguments (e.g., selection of the mapping unit of reference, statistical
modelling, and validation techniques) are common to both susceptibility and hazard
modelling.

6.1. Background
Over the past decades, government, environmental and research organizations worldwide have
invested resources in the attempt to assess landslide susceptibility (or hazard), and to produce
maps portraying its spatial distribution (landslide susceptibility or hazard zonation). Inspection
of the literature reveals that a few reviews of the concepts, principles, techniques and
methodologies for landslide susceptibility and hazard evaluation have been proposed
(Cotecchia, 1978b; Humam and Radulescu, 1978; Carrara, 1983; Brabb, 1984; Crozier, 1986;
Hansen, 1984a; Varnes and IAEG Commission on Landslides and other Mass-Movements,
1984; Crozier, 1986; Einstein, 1988; Hartlen and Viberg, 1988; Mulder, 1991; van Westen,
1993, 1994; Soeters and van Westen, 1996; van Westen et al., 1997; Aleotti and Chowdhury,
1999; Chung and Fabbri, 1999; Guzzetti et al., 1999a; Crozier and Glade, 2005; Glade and
Crozier, 2005b; Glade et al., 2005). Comparatively, little work has been done on the
systematic comparison of different techniques to determine landslide susceptibility, outlining
advantages and limitations of the proposed methods (Carrara et al., 1992, 1995; van Westen,
1993; Pistocchi et al., 2002; Gorsevski et al., 2003; Lee et al., 2004; Süzen and Doyuran,
2004a; Crozier and Glade, 2005; Glade et al., 2005), or to the critical discussion of the basic
principles and the underlying assumptions of landslide susceptibility/hazard zonation (Varnes
and IAEG Commission on Landslides and other Mass-Movements, 1984; Carrara et al., 1995;
Hutchinson, 1995; Soeters and van Westen, 1996; van Westen et al., 1997; Aleotti and
Chowdhury, 1999; Guzzetti et al., 1999; Committee on the Review of the National Landslide
Hazards Mitigation Strategy, 2004; Crozier and Glade, 2005). Recently, Glade and Crozier
(2005b) have published a review of landslide susceptibility (and hazard) models at the
catchment, regional and national scale, published in the period from 1977 to 2004.
The majority of papers discuss specific attempts at the evaluation of landslide susceptibility in
limited areas. Only a few authors report on long-term projects on the evaluation of slope
instability conditions, and the related hazards and risk, over large regions. Notable examples
are represented by the work carried out in San Mateo County, California, by the U.S.
Geological Survey (Nilsen and Brabb, 1977; Brabb et al., 1978; Mark, 1992; Brabb, 1995); by
the proposal made by the French Bureau des Recherché Géologiques et Minières for a
geomorphologically based evaluation of landslide hazard (Humbert, 1976, 1977; Antoine,
1977; Landry, 1979; Porcher and Guiloppe, 1979; Delaunay, 1981; Godefroy and Humbert,
1983; Leroi, 1996); and by the work carried out in Hong Kong by the Geotechnical
Engineering Office (Brand, 1988; Brand et al., 1982; Burnett et al., 1985; Hansen et al., 1995;
Ng et al., 2003) and other investigators (Dai and Lee, 1999, 2001, 2002, 2003; Dai et al.,
2002; Zhou et al., 2002; 2003; Chen and Lee, 2003, 2004; Chau et al., 2003, 2004).
Italy has a long tradition of landslide mapping (Almagià, 1907, 1910; Govi, 1976; Bosi, 1978;
Carrara, 1978; Cotecchia, 1978b), and efforts to produce a detailed national geomorphological
inventory are under way (Amanti, 2000; Amanti et al., 2001). Several regional governments
have already produced geomorphological inventory maps at 1:25,000 or 1:10,000 scale.
Despite these significant mapping efforts, attempts at producing susceptibility and hazard
maps by the application of statistical techniques are mostly limited to academic exercises in
pilot areas (Carrara, 1983; Carrara et al., 1991, 1995, 2003; Guzzetti et al., 1999; Ardizzone et
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al., 2002; Clerici et al., 2002; Donati and Turrini, 2002; Sorriso-Valvo, 2005; Guzzetti et al.,
2005a,d). The same occurs for the application of physically based models for determining the
susceptibility of shallow landslides (Borga et al., 1998, 2002a, 2002b; Crosta and Dal Negro,
2003; Crosta and Frattini, 2003) and of rock falls (Guzzetti et al., 2004b). With this respect,
the experiment conducted in the Upper Tiber River basin to produce a susceptibility map for a
large area (~ 4100 km2) represents an important exception (Cardinali et al., 2001; 2002b). I
will discuss the results of this experiment in § 6.4.

6.2. Landslide susceptibility methods
Several different methods and techniques for evaluating landslide susceptibility have been
proposed and tested. However, no general agreement exists either on the methods for or on the
scope of producing susceptibility maps (Brabb, 1984; Varnes and IAEG Commission on
Landslides and other Mass-Movements, 1984; Carrara, 1989; Nieto, 1989; Carrara et al.,
1991a, 1997; Soeters and van Westen, 1996; van Westen et al., 1997; Aleotti and Chowdhury,
1999; Guzzetti et al., 1999a, Committee on the Review of the National Landslide Hazards
Mitigation Strategy, 2004; Crozier and Glade, 2005; Glade and Crozier, 2005b). Operational
and conceptual differences include: (i) the general underlying assumptions; (ii) the type of
mapping unit selected for the investigation; and (iii) the techniques and tools favoured for the
analysis and the susceptibility assessment.

6.2.1. Assumptions
Despite conflicting views among experts, all the proposed methods are based upon a few,
widely accepted assumptions (Varnes and IAEG Commission on Landslides and other MassMovements, 1984; Carrara et al., 1991a; Hutchinson and Chandler, 1991; Hutchinson, 1995;
Turner and Schuster, 1996; Guzzetti et al., 1999a). These are the same assumptions which lay
at the base of landslide mapping (see § 2.1), namely:
(a) Slope failures leave discernible features that can be recognized, classified and mapped in
the field or through remote sensing, chiefly stereoscopic aerial photographs (Rib and
Liang, 1978; Varnes, 1978; Hansen, 1984; Hutchinson, 1988; Cruden and Varnes, 1996;
Dikau et al., 1996; Griffiths, 1999).
(b) Landslides are controlled by mechanical laws that can be determined empirically,
statistically or in deterministic fashion. Conditions that cause landslides (instability
factors), or directly or indirectly linked to slope failures, can be collected and used to
build predictive models of landslide occurrence (Crozier, 1986; Hutchinson, 1988;
Dietrich et al., 1995).
(c) For landslides, the past and present are keys to the future (Varnes and IAEG Commission
on Landslides and other Mass-Movements, 1984; Carrara et al., 1991a; Hutchinson,
1995). The principle implies that future slope failures will be more likely to occur under
the conditions which led to past and present instability. Hence, the understanding of past
failures is essential in the assessment of landslide hazard (Varnes and IAEG Commission
on Landslides and other Mass-Movements, 1984; Carrara et al., 1991a, 1995; Hutchinson,
1995; Guzzetti et al., 1999a).
In addition, the following assumption also applies:
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(d) Landslide occurrence, in space or time, can be inferred from heuristic investigations,
computed through the analysis of environmental information or inferred from physical
models. Therefore, a territory can be zoned into susceptibility (or hazard) classes ranked
according to different probabilities (Carrara et al., 1995; Soeters and van Westen, 1996;
Aleotti and Chowdhury, 1999; Guzzetti et al., 1999a).
Ideally, evaluation of landslide susceptibility and its mapping should derive from all of these
assumptions. Failure to comply with them will limit the applicability of any susceptibility
assessment, regardless of the methodology used for the investigation. Unfortunately, as it will
become clear later, satisfactory application of these principles proves difficult, both
operationally and conceptually (Carrara et al., 1995, 1999; Guzzetti et al., 1999a).

6.2.2. Mapping units
Evaluation of the likelihood of a landslide occurring in an area on the basis of local terrain
conditions requires the preliminary selection of a suitable terrain mapping unit (TMU). The
term refers to a portion of the land surface which contains a set of ground conditions that differ
from the adjacent units across definable boundaries (Hansen, 1984; Carrara et al., 1995; van
Westen et al., 1997; Luckman et al., 1999). At the scale of the analysis, a mapping unit
represents a domain that maximises internal homogeneity and between-units heterogeneity.
Soil scientists have challenged the concept of TMU as land subdivisions separated by distinct
(“crisp”) boundaries, suggesting that soil and landform variations are more continuous than
discrete (Odeh et al., 1992), and calling for a continuous approach to landform classification
(Burrough and McDonnell, 1998; Burrough et al., 2001a; Gorsevski et al., 2003). Based on
the concept of a distinct, clearly definable TMU, various methods have been proposed to
partition the landscape for landslide susceptibility assessment and mapping (Meijerink, 1988;
Carrara et al., 1995; Soeters and van Westen, 1996; Guzzetti et al., 1999a). All methods fall
into one of the following six groups: (i) grid cells, (ii) terrain units, (iii) unique condition units,
(iv) slope units, (v) geo-hydrological units, (vi) topographic units, and (vii) political or
administrative units.
Grid cells divide the territory into regular areas (“cells”) of pre-defined size, which become the
mapping unit of reference (e.g., Carrara, 1983; Bernknopf et al., 1988; Pike, 1988; Mark,
1992; van Westen, 1993, 1994; Mark and Ellen, 1995; Chung and Fabbri, 1999; Dymond et
al., 1999; Clerici et al., 2002; Lee and Min, 2002; Remondo et al., 2003a, 2003b; Chau et al.,
2004; Lee, 2004; Lee et al., 2002, 2004; Ayalew and Yamagishi, 2005; Lan et al., 2005;
Moreiras, 2005). Grid cells are preferred by raster-based GIS users. For this reason, most
commonly cells are squares but rectangular, triangular or hexagonal subdivisions (Di Gregorio
et al., 1999a,b) are possible. Each grid cell is assigned a value for each factor (e.g.,
morphological, geological, of land-use, etc.) taken into consideration. Alternatively, a stack of
raster layers, each mapping a single instability factor, is prepared. The main conceptual
limitation of grid cells refers to the representation of continuous geological and morphological
forms in discrete form, and the representation of linear and area features (such as geological
boundaries, landslide deposits, lithological units) using cells of predefined shape and size.
Advancements in computer technology (e.g., size of available memory and processing speed)
have largely (but not completely) overcome this limitation, allowing for grid cells of very
small size that can capture more faithfully the terrain characteristics.
Terrain units are traditionally favoured by field geomorphologists. They are based on the
observation that in natural environments the interrelations between materials, forms and
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processes result in boundaries which reflect geomorphological and geological differences.
Terrain units are the basis for the land-system classification approach which has found
application in many land resources investigations (Cooke and Doornkamp, 1974; Speight,
1977; Verstappen, 1983; Burnett et al., 1985; Meijerink, 1988; Hansen et al., 1995, van
Westen et al., 1997; Ng et al., 2003; Fannin et al., 2005). The main limit of terrain units lies in
their subjectivity. It is difficulty to establish clearly defined rules to unambiguously delineate
the boundaries between the different terrain units, and even more difficult to apply them
consistently. For susceptibility studies, it is difficult to infer the degree of landslide propensity
based solely on geomorphological forms and processes, and to derive from this information an
objective subdivision of the territory.
First introduced to investigate mineral resources, unique condition units (UCU) (BonhamCarter et al., 1989; Bonham-Carter, 1994; Carrara et al., 1995; Chung et al., 1995; van Westen
et al., 1997; Chung and Fabbri, 1999) imply the classification of each factor controlling or
conditioning slope instability into a few significant classes which are stored into a single map,
or layer. By sequentially overlying all the layers, homogeneous domains (unique conditions)
are singled out whose number, size and nature depend on the criteria used in classifying the
input factors. Unique condition units are particularly suited for vector-based representations of
the geographical information (Carrara et al., 1995). However, they are largely adopted also by
users of raster-based GIS systems (Bonham-Carter, 1994; Chung et al., 1995), because of their
straightforward implementation and ease of use (Carrara et al., 1995; 1999). Conceptual
problems with UCU include the fact that, for practical purposes, layers showing continuous
thematic information (e.g., elevation, terrain slope, aspect, soil thickness) must be classified
using a small number of classes. Selection of the classes is seldom based on local knowledge
of the physical processes controlling landslides. Fabbri et al. (2003) investigated the problem,
and found selection of the number of classes used to categorize continuous thematic layers not
particularly significant for their data sets. Also, the number of classes and the class limits may
affect the statistical analysis. In a vector-based GIS system, overlay of several thematic layers,
or of layers containing many small polygons, easily results in a very large number (hundreds
of thousands) of mapping units, making it difficult (or at least impracticable) to analyze the
results (Carrara et al., 1995). Intersections of layers affected by minor digitization errors (e.g.,
mismatch between a landslide boundary and the river network) may results in a small UCU
whose geomorphological significance is difficult to interpret. A small polygon or a single grid
cell may reflect unique (exclusive) environmental conditions important to determine landslide
susceptibility, or it may be the result of cartographic or mapping errors, irrelevant to landslide
susceptibility.
Slope units partition the territory into hydrological regions bounded by drainage and divide
lines (Carrara, 1988; Carrara et al., 1991; 1995; Guzzetti et al., 1999a). They can be identified
manually from accurate topographic maps. As an alternative, specific software was developed
to automatically delineate slope units from high-quality DTMs, eventually aided by simplified
versions of the drainage network (e.g., Carrara, 1988; Hutchinson, 1989; Fairfield and
Laymarie, 1991). The computerized method is preferred for its speed and efficiency, and
because it guarantees an objective, reproducible subdivision of terrain. Hydrological and
morphometric parameters (and their statistics) can be computed for each slope unit, and used
in susceptibility analyses. Significantly, hydrological and morphometric parameters obtained
for individual slope units do not reflect “spot” values (like in grid cells). Instead, they refer to
the entire terrain subdivision, providing more reliable and geomorphological meaningful
results. Since landslides occur on slopes, and slope units represent slopes, this type of
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subdivision is – at least in principle – particularly suited to investigate landslide susceptibility.
Depending on the type of instability to be investigated (e.g., deep seated vs. shallow slides or
complex slides vs. debris flows), the mapping unit may correspond either to an individual
slope unit (a sub-basin) or to the combination of two (or more) slope units representing a small
catchment. Limitations of slope units include: (i) the difficulty in their preparation, which
requires resources, including specialized software; (ii) the difficulty in tailoring the size of the
slope units to the known distribution of landslides; (iii) a certain lack of representativeness of
slope units for small shallow landslides; and (iv) the fact that hydrological boundaries
(drainage and divide lines) may not correspond to geomorphological or land use subdivisions
important for determining landslide susceptibility.
The latter problem is partially solved by adopting a subdivision based on geo-hydrological
units. Geo-hydrological units are obtained by further partitioning the slope units based on the
main lithological types cropping out in a region and considered important to separate
dissimilar susceptibility conditions within the same slope (Ardizzone et al., 2000; Cardinali et
al., 2002b). This can be easily obtained in a GIS by intersecting the slope units subdivision
with a simplified lithological map. A geo-hydrological subdivision retains all the information
typical of a division based solely on drainage and divides lines (i.e., the morphological and
hydrological factors), and limits the problem of having in the same slope unit two or more
rock types with distinctly different landslide propensity (e.g., stable hard rocks underlined by
unstable weak sediments). One can imagine extending the concept of geo-hydrological units
by further subdividing them based on main land use types, e.g., forested vs. non forested
terrain. This further subdivision may prove useful where landslides are principally controlled
by the type of land cover.
Topographic units are vector-based subdivisions obtained by partitioning a catchment, or a
single slope, into stream tube elements of irregular size and shape. The upper and lower
boundaries of a stream tube are defined by adjacent contours, and the lateral boundaries are
delineated by flow lines orthogonal to contours (O’Loughlin, 1986; Moore et al., 1988; Moore
and Grayson, 1991). Thus, topographic units are a particular subdivision of slope units. For
each stream tube, local morphometric and hydrological variables are computed, including the
cumulative drainage area of all up-slope elements. Due to their surface and sub-surface
hydrological significance, topographic units are most suited to model the behaviour of shallow
landslides, coupling slope instability and infiltration models. Topographic units appear less
adapt to model large, deep-seated slides. Limitations of topographic units parallel those of the
hydrologically-based units (i.e., slope units and geo-hydrological units), and include: (i) the
difficulty in their preparation, which requires specialized software; (ii) the difficulty in
tailoring their size to the known distribution of landslides or to local topographic conditions;
and (iii) the fact that surface hydrological boundaries may not correspond to sub-surface
morphological and hydrological conditions important for the initiation of shallow landslides.
When investigating very large areas, such an entire region or a nation, political, administrative
or demographic units can be adopted (e.g., census zones, municipalities, districts, provinces)
(Guzzetti et al., 2003a). Most commonly, these geographical units do not reflect
morphological, hydrological, or lithological boundaries. This is undoubtedly a limitation for
landslide susceptibility studies. However, clear linkage between a geographical mapping unit
and political or administrative offices and/or responsibilities makes the subdivision appealing
to politicians and decision makers, particularly at the regional and the national scale.
Administrative units are suited to analyze and synthesize information stored in archive
inventories (Guzzetti and Tonelli, 2004).
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Selection of an appropriate mapping unit depends on a number of factors, including: (i) the
type of landslide phenomena to be studied, (ii) the scale of the investigation, (iii) the available
resources, (iv) the quality, resolution, scale and type of the thematic information required, and
(v) the availability of the adequate information management and analysis tools. Each
technique for partitioning the territory has advantages and limitations that can be enhanced or
reduced choosing the appropriate susceptibility evaluation method (Carrara et al., 1995;
Guzzetti et al., 1999a).

6.2.3. Methods
Review of the literature (Varnes and IAEG Commission on Landslides and other MassMovements, 1984; Carrara et al., 1995; Hutchinson, 1995; Soeters and van Westen, 1996; van
Westen et al., 1997; Aleotti and Chowdhury, 1999; Guzzetti et al., 1999a; Gorsevski et al.,
2003; Committee on the Review of the National Landslide Hazards Mitigation Strategy, 2004,
and reference therein) reveals that methods for ranking slope instability factors and assigning
different susceptibility levels can be: (i) qualitative or quantitative, and (ii) direct or indirect.
Qualitative methods are subjective, ascertain susceptibility heuristically, and portray
susceptibility levels using descriptive (qualitative) terms. Quantitative methods produce
numerical estimates, i.e., probabilities of the occurrence of landslide phenomena in any
susceptibility zone. Only quantitative methods are suited for the quantitative evaluation of
landslide hazard (see § 7).
A direct method consists in the (direct) geomorphological mapping of landslide susceptibility,
in the field, from the aerial photographs (Verstappen, 1983) or from satellite images (Nossin,
1989). Most commonly (but not necessarily), it is associated with the production of a landslide
inventory map. Indirect methods for landslide susceptibility assessment are essentially
stepwise. They require: (i) the recognition and mapping of landslides over a target region or a
subset of it (i.e., the training area), which is obtained by preparing a landslide inventory map,
(ii) the identification and mapping of the physical factors which are directly or indirectly
correlated with slope instability (the instability factors, or independent variables), (iii) an
estimate of the relative contribution of the instability factors in generating slope failures, (iv)
the classification of the land surface into domains of different levels of susceptibility, and (v)
the assessment of the model performance.
The most common approaches proposed in the literature can be grouped into five main
categories (Carrara et al., 1992, 1995; van Westen, 1993; Hutchinson, 1995; Soeters and van
Westen, 1996; van Westen et al., 1997; Aleotti and Chowdhudry, 1999; Guzzetti et al., 1999a;
Committee on the Review of the National Landslide Hazards Mitigation Strategy, 2004),
namely: (i) direct geomorphological mapping, (ii) analysis of landslide inventories, (iii)
heuristic or index based methods, (iv) statistical methods, including neural networks and
expert systems, and (v) process based, conceptual models (Table 6.1). This classification of
susceptibility methods is “fuzzy”. Approaches blend one in to the other, and authors are not
always clear in describing the method they have used to ascertain landslide susceptibility,
including the similarities or the differences with other published methods. Van Westen et al.
(1997) provide detailed schemes for the applications of some of the susceptibility methods in a
GIS environment.
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Table 6.1 – Characteristics of landslide susceptibility methods proposed in the literature.
DIRECT
GEOMORPHOLOGICAL MAPPING
HEURISTIC (INDEX-BASED)
ANALYSIS OF INVENTORIES
STATISTICAL MODELLING
PROCESS BASED (CONCEPTUAL)

INDIRECT

9
9
9
9
9

QUALITATIVE

QUANTITATIVE

9
9
9
9
9

6.2.3.1. Geomorphological mapping
Geomorphological mapping of landslide susceptibility is a direct or semi-direct, qualitative
method that relies on the ability of the investigator to recognize actual and potential slope
failures, including their evolution and possible consequences (Humbert, 1977; Godefroy and
Humbert, 1983; Kienholz et al., 1983, 1984; Bosi et al., 1985; Zimmerman et al., 1986; Seeley
and West, 1990; Pachauri and Pant, 1992; Hansen et al., 1995; Pachauri et al., 1998; Nossin,
1999; Pasuto and Soldati, 1999; Ng et al., 2002; Cardinali et al., 2002a; D’Amato et al., 2003;
Pallàs et al., 2004; Ayenew and Barbieri, 2005; Reichenbach et al., 2005). When carried out
by experts, geomorphological mapping is a form of expert judgement. If pursued by well
trained investigators, knowledgeable of the slope instability phenomena in the study area, the
method can provide very reliable results. However, the method is subjective, difficult to
formalize, and not fully adequate for quantitative assessments of landslide hazard (see § 7).
Recently, a method to quantify geomorphological susceptibility mapping for qualitative
landslide hazards and risk assessments has been proposed and tested by Cardinali et al.
(2002a) and Reichenbach et al. (2005). In principle, the latter method could be programmed
into an expert system, providing quantitative estimates of landslide susceptibility, hazard and
risk.
6.2.3.2. Analysis of inventories
The analysis of landslide inventories attempts to predict future patterns of instability directly
from the past distribution of landslide deposits. This can be accomplished by preparing
landslide density maps, i.e., maps showing the percent of area covered by landslide deposits or
the number of landslide events over a region (Campbell, 1973; Wright and Nilsen, 1974;
Wright et al., 1974; Pomeroy, 1978, 1979; DeGraff, 1985; DeGraff and Canuti, 1988; Guzzetti
et al., 1994; Bulut et al., 2000; Parise and Jibson, 2000; Chau et al., 2003; Moreiras, 2004). As
explained in § 3.1, different types of landslide density maps can be prepared, depending on the
type of mapping unit and the filtering techniques used to determine the density. The method is
indirect, and the result is quantitative. If properly normalized (e.g., by the total amount of the
mapped landslide area), a density map may provide frequency estimates suitable for landslide
hazard mapping. However, due to uncertainties and errors associated with landslide
inventories and to the complexity of landslide phenomena (§ 1.1), estimates of the probability
of spatial occurrence of slope failures based solely on landslide density (i.e., not considering
the geo-environmental factors leading to slope instability) may be misleading or incorrect
(Ardizzone et al., 2002; Galli et al., 2005).
6.2.3.3. Heuristic zoning
An index based approach is based on a priori knowledge, i.e., on the assumption that all the
causes and instability factors of landsliding in the area under investigation are known. It is an
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indirect (or semi-direct), mostly qualitative method whose reliability depends on how well and
how much the investigator understands the geomorphological processes acting upon the
terrain. Instability factors are classified, ranked and weighted according to their assumed or
expected importance in causing mass movements. Based on this information, heuristic,
subjective decision rules are established to define possibly unstable areas and to zone landslide
susceptibility accordingly (Nilsen and Brabb, 1977; Amadesi and Vianello, 1978;
Hollingsworth and Kovacs, 1981; Neeley and Rice, 1990; Montgomery et al., 1991; Pachauri
and Pant, 1992; Mejıa-Navarro et al., 1994; Sarkar et al., 1995; McClelland et al., 1997
Pachauri et al., 1998; Nagarajan et al., 2000; Lee et al., 2002; He et al., 2003; Liu et al., 2004;
Moreiras, 2005). Ideally, rules used to rank, weigh and combine the instability factors should
be based on detailed knowledge of the physical processes controlling landslides. In practice,
this is rarely done, and ranking and weighing procedures are based (solely) on the experience
of the investigator, a procedure that introduces subjectivity. van Westen et al. (1997) argued
that subjectivity is not necessarily bad, particularly if it is based on the opinion of an expert.
Nonetheless, subjectivity adds to the uncertainty of the model. To limit this problem, the
expected importance of each instability factor can be obtained “objectively” by investigating
the relative abundance of landslides (Pachauri et al., 1998; He et al., 2003) or from regression
analysis (Nagarajan et al., 2000). This process has also limitations, the most severe of which
consists in not considering the complex interactions between the multiple factors controlling
slope instability. As an example, slope and lithology are often considered separately, whereas
in Nature it is their complex interaction that controls the position and abundance of landslides.
The results of index based models are shown using qualitative levels of landslide
susceptibility. For this reason they are also not well suited for quantitative assessments of
landslide hazard (see § 6). Since they are based on generally simple rules, index-based
approaches are suited to be implemented in computer expert systems (Al-Homoud and
Masanat, 1998; Al-Homoud and Al-Masri, 1999; Pistocchi et al., 2002).
6.2.3.4. Statistical methods
Statistical models to determine spatial landslide instability are constructed to describe the
functional relationships between instability factors and the past and present distribution of
slope failures (Carrara, 1983). The approach is indirect and provides quantitative results
suitable to the quantitative assessment of landslide hazard. The simplest statistical methods are
based on the determination of the relative abundance (proportion, percentage, frequency,
incidence) of landslides in the classes in which thematic layers showing the geographical
distribution of stability/instability factors are ranked. Different approaches have been
proposed, including: a general instability index (Carrara et al., 1978; 1982), a landslide
susceptibility/hazard index (Sarkar et al., 1995; van Westen, 1997; Parise and Jibson, 2000;
Rautela and Lakhera, 2000; Lee et al., 2002; Carrasco et al., 2003; Lee, 2004; Saha et al.,
2005), a frequency index (Parise and Jibson, 2000), and a surface percentage index (Uromeihy
and Mahdvifar, 2000). These indexes measure, directly or in a weighted form, the relative or
absolute abundance of landslide area or number in different terrain categories. This
information is then used by the investigator to establish susceptibility levels.
More advanced methods employ a variety of classification techniques that can be broadly
ordered based on the adopted “philosophical” classification approach, including (Michie et al.,
1994): (i) classical (frequentist or Fisherian) statistical techniques, (ii) modern (subjectivist or
Bayesian) statistical methods, (iii) fuzzy logic systems, (iv) neural networks, and (v) expert
systems.
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Many investigators have adopted a classical “frequentist” approach to establish the spatial
probability of landslide occurrence, and have applied a variety of statistical classification
techniques including: (i) bivariate analysis (Kobashi and Suzuki, 1988; van Westen 1993;
Naranjo et al., 1994; Süzen and Doyuran, 2004a, 2004b; Ayalew and Yamagishi, 2005); (ii)
multiple regression analysis (Carrara, 1983), (iii) discriminant analysis (Reger, 1979; Carrara,
1983, 1992; Carrara et al., 1982; 1991, 1992, 1995, 2003; Guzzetti et al., 1999a, 2005a,d;
Nagarajan et al., 2000; Baeza and Corominas, 2001; Ardizzone et al., 2002; Cardinali et al.,
2002b; Santacana et al., 2003), and (iv) logistic regression analysis (Mark, 1992; Carrara et
al., 1992; Mark and Ellen, 1995; Atckinson and Massari, 1998; Rowbotham and Dudycha,
1998; Dai et al., 2001; Dai and Lee, 2002, 2003; Olhmacher and Davis, 2003; Lee, 2004;
Süzen and Doyuran, 2004a; Ayalew and Yamagishi, 2005; Pinter and Dean Vestal, 2005).
When many factors are available, to reduce the number of variables and to limit their
interdependence, principal component analysis (PCA) is an option (Carrara et al., 1995; Baeza
and Corominas, 2001).
As can be seen from the listed references, discriminant analysis and logistic regression are the
two most popular techniques. Discriminant Analysis (DA) was introduced by Fisher (1936),
and is used to classify samples into alternative groups on the basis of a set of measurements
(Michie et al., 1994; Brown, 1998; SPSS, 2004). More precisely, the goal of DA is to classify
cases into one of several mutually exclusive groups based on their values for a set of predictor
variables. The grouping variable must be categorical and the predictor variables must be
interval or dichotomous (SPSS, 2004, p. 515). For landslide susceptibility assessment, most
commonly two groups are established, namely: (i) mapping units free of landslides (G0, stable
slopes), and (ii) mapping units having landslides (G1, unstable slopes). The assumption is
made that the two groups are distinct, and that a mapping unit r pertains only to one group,
i.e., if r ∈ G0 , then r ∉ G1 . In the context of landslide susceptibility, the scope of DA is to
determine the group membership of a mapping unit by finding a linear combination (or
curvilinear combination in the case of quadratic DA (Michie et al., 1994)) of the
environmental variables which maximizes the differences between the populations of stable
and unstable slopes. The goal is to establish a model to sort the mapping units into their
appropriate groups with minimal error. To obtain this, consider a set of m variables v1, v2, …,
vm for each mapping unit, r, by means of which it is desired to discriminate the region between
the groups of stable (G0) and unstable (G1) slopes, and let Z be a linear combination of the
input variables, such as
Z = β1v1(r) + β2v2(r) + … + βmvm(r)

(6.1)

For DA, the task is to determine the βs of equation 6.1 by means of some criterion that will
enable Z to serve as an index for differentiating between members of the two groups. If only
one independent variable is available (e.g., the mapping unit mean slope) equation 6.1 reduces
to Z = β1v1(r), which is the equation of a line separating mapping units based solely on terrain
gradient. If two environmental variables are available (e.g., slope and its standard deviation),
equation 6.1 reduces to Z = β1v1(r) + β2v2(r), which represents a plane in three dimensions that
separates (discriminates) mapping units given the mean and the standard deviation of the
slope. Similarly, if m independent variables are used, equation 6.1 represents a hyper plane, a
multi-dimensional surface that discriminates the mapping units into alternative groups of
stable or unstable slopes.
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In DA, the linear discriminant function Z transforms the original sets of measurements into a
single discriminant score, which represents the sample position along a line defined by the
same discriminant function. To measure how far apart the two groups are along this line,
different “distances” can be used, e.g., Euclidean, diagonal or Mahalonobis distances (Michie
et al., 1994; Gorsevski et al., 2003). Most commonly, the Mahalonobis distance DM is used:
DM =

( Z 0 − Z1 )2
VZ

(6.2)

where, Z0 and Z1 are the means of the stable and unstable groups, respectively, and Vz is the
pooled sample variance. A larger value of DM indicates that it is easy to discriminate between
the two groups. Posterior probabilities are then used to express the likelihood of a sample (a
mapping unit) belonging to one group or the other, i.e. P[r ∈ G0] = 1-P[r ∈ G1] (Brown, 1998).
Thus, when probabilities are derived from a DA, they represent the likelihood of a mapping
unit pertaining to one of the two groups established a priori. The relative contribution of each
environmental factor (of each independent variable) to the discriminating function can be
evaluated by studying the standardized discriminant function coefficients (SDFC). This is
particularly useful because it allows the investigator to determine if the model is
geomorphologically sound.
Logistic Regression Analysis (LRA) was introduced by Cox (1958) and is used to investigate
a binary response from a set of measurements (Michie et al., 1994; Brown, 1998; SPSS,
2004). The technique, which regresses a dichotomous dependent variable on a set of
independent explanatory variables that can be interval, dichotomous or categorical (i.e.,
polychotomous) (SPSS, 2004, p. 859), is widely used in the medical field, or to predict success
or failure of a process based on a set of measurements. Instead of using a linear relationship
between the independent variables and the response, a curvilinear model relationship is used.
In landslide susceptibility investigation, the response is the presence/absence of landslides in
each mapping unit, and the independent variables are the set of m environmental factors v1, v2,
…, vm available for each mapping unit, r. Since the response of the analysis must be binary,
two alternative groups are established: (i) mapping units free of landslides (G0, stable slopes),
and (ii) mapping units having landslides (G1, unstable slopes). In LRA, the relationship
between the occurrence of landslides in a mapping unit and its dependency on the set of
environmental variables is expressed as:
S=

1
0≤ S ≤1
( 1 + e−Ψ )

(6.3)

where, S is the (Bernoulli) probability that a mapping unit pertains to the stable (G0) or the
unstable (G1) group. S varies from 0 to 1 on an s-shaped (“logistic”) curve. In equation 6.3, Ψ
⎛ p ⎞
is the logit, i.e., the natural logarithm of the odds, log ⎜⎜
⎟⎟ , which is linearly related with
⎝1− p ⎠
the independent variables:

⎛ p ⎞
Ψ = log ⎜⎜
⎟⎟ = β0 + β1v1(r) + β2v2(r) + … + βmvm(r) + ε
⎝1− p ⎠

(6.4)
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where, β0, β1, … βm are the unknown parameters of the logistic regression model, v0(r), v1(r),
… vm(r) are the independent variables in each mapping unit and ε is the error associated with
the curvilinear approximation of the model. LRA involves fitting equation 6.4 to the data, and
then expressing the probability of the presence/absence of landslides in each mapping unit
using equation 6.3. The relative contribution of each mapping unit to the logistic function can
be obtained. Inspection of this information is useful to determine the geomorphological
reliability of the model.
In the literature, discussion exists on the advantages and the limitations of LRA over DA
(Michie et al., 1994; Brown, 1998). A cited advantage of LRA lies in the possibility of using
together different types of variables, including continuous, binary and categorical variables.
The latter variables are abundant in geology and geomorphology (Carrara et al., 1992). Most
commonly in LRA, categorical variables are replaced by various types of contrast variables
(SPSS, 2004, p. 863-5). In general, it is assumed that DA is more powerful in the presence of
multivariate normality of the data; conversely, LRA is more suited to analyse datasets lacking
multivariate normality, or datasets for which multivariate normality is not apparent. When data
are multivariate normal, DA requires less data to achieve the same precision as LRA (Brown,
1998). Both methods require near equal number of samples in the groups, and equal variancecovariance matrices of the groups. Deviance from equality may have severe consequences for
both methods. Finally, DA is less computationally intensive than LRA. The latter may not be a
problem with modern personal computers, given the size of the datasets commonly used in
landslide susceptibility assessments (Carrara et al., 1999).
In recent years, many investigators have experimented with methods that exploit, more or less
rigorously, Bayes’ theorem for conditional probability. In this framework, conditional
probability is a statement of the chance of a hypothesis being true or false given a piece of
evidence (Gorsevski et al., 2003). Bayesian probabilistic modelling is suited for example for
solving problems of decision-making under uncertainties. Given the uncertainty associated
with landslide phenomena and their relationships with the landscape, the method appears
suited for landslide susceptibility assessment (Chung and Fabbri, 1999; Gorsevski et al.,
2003).
Bayes’ theorem can be written as:
P( A | B ) =

P( B | A) × P ( A)
P( B )

(6.5)

which means that the probability of an hypothesis on some event A occurring conditioned by
the fact that event B has occurred, P(A|B), is equal to the probability of event B occurring
given that event A has occurred, P(B|A), multiplied by the probability of event A occurring,
P(A), and divided by the probability of event B occurring, P(B). In equation 6.5, P(A) is the
“prior probability”, i.e., a reasonable hypothesis on the probability of event A, P(B) is the
“posterior probability”, i.e., the probability of B given all possible hypotheses on A, and
P(B|A) is the “likelihood”, i.e., the conditional probability of A given B. In an ideal Bayesian
analysis, the prior probability has a weak effect on the posterior probability, as most of the
information comes from the likelihood.
When applied to landslide susceptibility assessment, Bayes’ theorem is used to determine the
probability that a region will develop slope failures given the local environmental conditions.
Following Chung and Fabbri (1999):
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⎡ P ({v 0 (r), v1 (r), …, v m ( r )}| AL ) × P ( AL ) ⎤
P ( AL | {v 0 (r), v1 (r), …, v m ( r )}) = ⎢
⎥
P (v 0 (r), v1 (r), …, v m ( r ) )
⎣
⎦

(6.6)

where, AL denotes that a landslide of area A will occur in a mapping unit r for which v0(r),
v1(r), … vm(r) independent environmental conditions are known. It is further assumed that the
combination of environmental conditions is unique to the mapping unit r.
Equation 6.6 indicates that the probability that a mapping unit r in the study area will be
affected by a landslide is equal to the probability of a landslide in the study area, P(AL),
multiplied by the probability of a specific (unique) combination of environmental factors
given the presence of a landslide, divided by the probability of the same combination of
environmental factors in the entire study area. A straightforward assumption is to obtain the
three probabilities in the right hand side of equation 6.6 in a GIS from the corresponding
spatial densities. This can be obtained as follows: (i) for P(AL), by dividing the total landslide
area (AL) in the study area by the area of the mapping unit, (ii) for P (v 0 (r), v1 (r), …, v m ( r ) ) , by
dividing the total area of the unique condition unit by the extent of the study area, and (iii) for
P({v 0 (r), v1 (r), …, v m ( r )}| AL ) , by computing the percentage of landslide area in the study
area characterized by the total area of the considered unique environmental setting.
Similar approaches have been proposed by several investigators, including: weight of evidence
methods (Bonham-Carter, 1991; Lee et al., 2002a, 2002b; Wu et al., 2004), weighting factors
(Çevik and Topal, 2003), weighted linear combination of instability factors (Ayalew et al.,
2004), landside nominal risk factor (Gupta and Joshi, 1990; Saha et al., 2005), likelihood ratio
(Chung and Fabbri, 2003, 2005; Fabbri et al., 2003; Lee, 2004), certainty factors (Binaghi et
al., 1998), information value (van Westen, 1997; Lin and Tung, 2004; Saha et al., 2005), and
modified Bayesian estimation (Chung and Fabbri, 1999). Understanding the differences
between the proposed approaches is not always simple, the main differences being the rigor of
the approach (e.g., Chung and Fabbri, 1999) and the method used to estimate the prior
probability of landslide occurrence. An advantage of Bayesian probabilistic modelling is the
possibility of incorporating uncertainty into the susceptibility model, and to explicitly consider
expert knowledge, which often exists for the investigated area (Chung and Fabbri, 1999). Use
of expert knowledge is more difficult (but not impossible) when adopting classical statistical
classification methods.
A few landslide investigators have attempted to apply fuzzy sets to landslide susceptibility
zonation (Juang, 1992; Binaghi et al., 1998; Uromeihy and Mahdavifar, 2000; Ercanoglu and
Gokceoglu, 2002; 2004; Pistocchi et al., 2002; Gorsevski et al., 2003; Saboya et al., 2005).
Fuzzy set theory was introduced by Zadeh (1975, 1978) as an extension of ordinary set theory.
In ordinary set theory an element belongs (or does not belong) to a set, i.e., it allows only 0 or
1 values as possible membership degrees. In fuzzy set theory, membership degree can take any
value from 0 and 1, i.e., a fuzzy set contains elements that have varying degrees of
membership. When applied to landslide susceptibility, for each class of an environmental
variable (e.g., for each slope category) a membership degree is established between the
presence/absence of landslides and the parameter class (e.g., the presence of landslides in the
10-20 degree slope category). Various methods can be used to establish this relationship,
whose “strength” is the degree of membership. A fuzzy set is then constructed for each
environmental variable, which expresses the landslide susceptibility for each of the considered
classes (e.g., landslide susceptibility in each slope category). Fuzzy sets for different
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environmental factors are then combined using rules of various complexities (Ercanoglu and
Gokceoglu, 2002) to obtain an estimate of landslide susceptibility.
Expert knowledge approaches applied to landslide susceptibility assessment include artificial
neural networks and expert systems. Artificial neural networks are computational frameworks
capable of simulating – albeit in a crude fashion – the behaviour of the human brain in solving
a complex problem (Michie et al., 1994). Conceptually, the advantage of neural networks over
other classification methods consists in the fact that they are independent of the distribution of
the data, although artificial neural networks are calibrated to the data and the calibration
defines the functionality of the network. Also, neural networks require less data for training
than other statistical methods (Lee et al., 2004). Most commonly, back propagation learning
algorithms are adopted. These are made by multiple layers of “neurons” (i.e., individual
processing nodes), including an input and an output layer and one or more hidden layers. A
neural network takes the input information and “learns” how to predict the output by
establishing and adjusting weights between neurons on the same or on different layers, in
response to errors between predicted and known output values. At each neuron, adjustment
occurs through weighting summations and non linear functions. At the end of the training
phase, the neural network should be able to predict the output values (e.g., landslide
susceptibility) given a set of inputs (e.g., the environmental factors). The main limitation of
artificial neural networks lays in the fact that is very difficult – if not impossible – to know
why they work for any given set of data and for any given calibration set. This restrains the
possibility of using findings obtained with a neural network prepared for an area to a
neighbouring area. Also, the role, functionality and significance of the weights and of the nonlinear calibration functions are difficult to interpret. Artificial neural networks have been
applied to landslide susceptibility mapping by, e.g., Arora et al. (2004), Lee et al. (2003a,
2003b, 2004), Ermini et al. (2005), Ferentinou and Sakellariou, (2005), Gómez et al. (2005)
and Wang et al. (2005).
Expert systems are computer programs capable of exploiting complex information to make
decisions based on a set of rules. Decisions taken by expert systems include categorization,
i.e., selection between alternatives (Michie et al., 1994). Rules used in expert systems can be
established a priori, or defined by the same system that “learns” from errors. In principle,
index based landslide susceptibility methods (for which “slope instability rules” are known)
are suited for the implementation in an expert system framework (Guzzetti et al., 1999a).
Particularly interesting is the possibility of establishing rules to cope with “special cases”, or
individual instability conditions that cannot be captured by, e.g., statistical or physically based
models. Inspection of the literature indicates that only a few authors have attempted to
implement rule-based expert systems for landslide susceptibility zonation (Al-Homoud and
Masanat, 1998; Al-Homoud and Al-Masri, 1999; Pistocchi et al., 2001). This is probably
because the effort is not justified by the result obtained. An expert system is mostly suited
when decisions (e.g. categorization) have to be taken repeatedly. This is usually not the case
for landslide susceptibility assessments. When a susceptibility model is prepared and
validated, it can be used for years without the need for any further processing.
Following the widespread availability of GIS technology and of user friendly statistical
packages, statistical models have become the method favoured by many investigators to
determine landslide susceptibility. However, review of the most recent literature – which is
abundant (Uromeihy and Mahdavifar, 2000; Dai et al., 2001; Dai and Lee, 2003; Olhmacher
and Davis, 2003; Ercanoglu and Gokceoglu, 2002; 2004; Çevik and Topal, 2003; Gorsevski et
al., 2003; Lee, 2004; Lee et al. 2003a; 2003b; 2004; Santacana et al., 2003; Wu et al., 2004;
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Ayalew et al., 2004) – reveals that many investigators are interested chiefly in applying
different statistical methods, and much less concerned in: (i) collecting detailed, high quality
information related to slope failures, (ii) identifying new environmental parameters useful to
the assessment of landslide susceptibility, (iii) validating quantitatively the model results, (iv)
explaining the geomorphological aspects of terrain zoning for landslide susceptibility
assessment, or (v) in the examination of the socio-economical implications of the
susceptibility models. This is rather unfortunate because it leads investigators to focus on the
tool (a classification technique) rather than on the target (an optimal landslide susceptibility
assessment). Also disappointing is the fact that in the copious literature on landslide
susceptibility assessment very few attempts to quantitatively compare susceptibility models
prepared by different methods, critically evaluating their advantages and limitations, are
available (Carrara et al., 1992; 1995; Chung and Fabbri, 1999; Pistocchi et al., 2002; Lee,
2004; Süzen and Doyuran, 2004a).
6.2.3.5. Process based models
Process based (deterministic or physically based) models for the assessment of landslide
susceptibility rely upon the understanding of the physical laws controlling slope instability. In
general, due to lack of information or poor understanding of the physical laws controlling
landslide initiation and development, only simplified, “conceptual” models are considered.
These models are indirect and provide quantitative results, which may or may not be suited for
quantitative landslide hazard assessment depending on the types of output. Review of the
literature reveals that process based models are developed mostly to study a particular type of
landslide (e.g., shallow soil slips, debris flows, or rock falls), or to investigate the effect of a
specific trigger, i.e., an intense rainfall period or an earthquake.
When applied to the prediction of shallow rainfall-induced landslides, process based models
attempt to extend spatially the simplified stability models widely adopted in geotechnical
engineering. These models calculate the stability of a slope using parameters such as normal
stress, angle of internal friction, cohesion, pore water pressure, seismic acceleration, external
weights, etc. Most commonly, computation results in a factor of safety, i.e., an index
expressing the ratio between the local stabilizing and driving forces. Values of the index
greater than 1.0 indicate stability of the slope, and values less than 1.0 identify unstable
conditions. A safety factor of exactly 1.0 indicates the meta-stable condition produced by
equivalence of the stabilizing and driving forces. When applied over large areas, local stability
conditions are generally evaluated by means of a static stability model, such as the well known
‘‘infinite slope model’’, where the local equilibrium along a potential slip surface is
considered. For simplicity, the slip surface is assumed planar, at a fixed depth, and most
commonly parallel to the topographic surface, and some assumed value of pore fluid pressure
is selected. More advanced models include seepage from neighbouring areas. Other models
couple the infinite slope stability model with more or less complex rainfall infiltration models
(Ward et al., 1981, 1982; Okimura and Kawatani, 1987; Benda and Zhang, 1990; Dunne,
1991; Hammond et al., 1992; van Ash et al., 1999; Montgomery and Dietrich, 1994; Dietrich
et al., 1995; Terlien et al., 1995, Dymond et al., 1999; Gritzner et al., 2001; Borga et al.,
2002a; Crosta and Frattini, 2003; Crosta and Dal Negro, 2003; D’Odorico and Fagherazzi,
2003; Lan et al., 2005). Most commonly, distributed models for the stability of slopes are
based on a raster representation of the landscape and exploit GIS-raster technology, including
map algebra, to implement the models, which generally relay heavily on a digital
representation of the terrain (i.e., a DTM). Alternative approaches are based on topographic
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units and stream tube elements, which are hydrological, vector based representations of the
terrain. Some of the most advanced distributed models for the stability of slopes and the
forecast of shallow landslides take as input the surface and sub-surface information on
lithological, hydrological and geo-mechanical conditions, including the depth of the shear
surface and of the water table at the beginning of the simulation, and a measured or inferred
rainfall pattern (in space and time). These models run in incremental time steps and estimate
the location and the time of the expected slope failures. With this respect, the results of such
models are superior to a simple susceptibility assessment.
Specific, physically based models were developed for predicting the effects of seismic shaking
on the stability of slopes over large areas, or to explain the known distribution of seismically
induced landslides (Jibson et al., 1998; Miles and Ho, 1999; Luzi, 2000; Luzi and Pergalani,
2000; Jibson and Jibson, 2001; Lin and Tung, 2004; Paléz et al., 2005). Some of the most
reliable approaches extend the Newmark method designed for estimating the stability of dams
or embankments subject to seismic shaking to the stability of individual slopes (Newmark,
1965; Wieczorek et al., 1985; Wilson, 1993). When applied to large regions, these models are
based on a grid partitioning of the terrain. Potential landslides are considered as rigid bodies
subject to seismic acceleration, ascertained from measured or synthetic accelerographs. For
each grid cell, the cumulative displacement of the rigid block subject to seismic acceleration is
computed. If an established threshold is exceeded, a grid cell becomes unstable and a landslide
occurs. Displacement thresholds depend on the type of landslide, and are decided largely
based on the experience of the investigators. Rock falls require a smaller displacement to fail
than large, deep-seated slides. Groundwater conditions can also be considered.
Physically based models to simulate rock fall processes were developed by van Dijke and van
Westen (1990) and by Guzzetti et al. (2002a). The latter model uses a DTM and spatially
distributed information on the location of the source areas of rock falls, and of the energy lost
at impact points and where boulders are rolling, to simulate in three dimensions rock fall
phenomena for areas ranging from a few thousands of square meters to several hundreds of
square kilometres (Guzzetti et al., 2002a, 2003b). Results of the model include: (i) the extent
and location of the areas potentially subject to rock falls, and (ii) estimates of the maximum
velocity and of the maximum distance to the ground of the falling rocks. This information can
be combined to obtain quantitative estimates of landslide hazards (Crosta and Agliardi, 2004;
Guzzetti et al., 2004b).

6.2.4. Susceptibility methods and mapping units
Susceptibility methods and mapping units are conceptually and operationally interrelated
(Carrara et al., 1995). Table 6.2 summarizes the main correlations. In direct susceptibility
mapping, the geomorphological unit of reference is implicitly defined by the interpreter who
maps the portions of the territory that are subject to different geomorphological hazards
(Hansen, 1984). In all other cases (i.e., grid-based modelling, unique condition units, slopeunits, geo-hydrological units, topographic units), the mapping unit is explicitly defined by the
operator before the investigation begins. In general, grid cells are preferred for heuristic (Pike,
1988; Mejıa-Navarro et al., 1994), statistical (Carrara, 1983; van Westen, 1994; Chung and
Fabbri, 1999; Lee and Min, 2002; Remondo et al., 2003; Pinter and Dean Vestal, 2005) and
process based or simulation (Mark, 1992; Terlien et al., 1995, Di Gregorio et al., 1999a,
1999b; Dymond et al., 1999; Guzzetti et al., 2002a; Crosta and Frattini, 2003) modelling.
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Unique condition units have been applied to both heuristic (van Westen, 1993) and statistical
methods (Carrara et al., 1995; Chung et al., 1995; Chung and Fabbri, 1999; Guzzetti et al.,
1999a; Ercanoglu and Gokceoglu, 2004; Lee et al., 2004). Slope units and geo-hydrological
units have been used in statistical models (Carrara et al., 1991; 1995; Guzzetti et al., 1999;
Ardizzone et al., 2002; Cardinali et al., 2002b), whereas topographic units have been used in
physically based models (Montgomery and Dietrich, 1994). Municipalities were used by
Guzzetti et al. (2004) to evaluate landslide and flood hazard in Italy. Census zones were used
by Guzzetti et al. (2003a) to evaluate the number and percent of the population subject to
landslide risk in the Perugia Municipality, in Umbria.
Table 6.2 – Relationships between mapping units and methods for landslide susceptibility assessment.
DIRECT
MAPPING
Grid cell
Terrain unit
Unique condition unit
Slope unit
Geo-hydrological unit
Topographic unit
Geographical unit

ANALYSIS OF
INVENTORIES

INDEX
BASED

9

STATISTICAL
9

PHYSICALLY
BASED

9

9
9

9

9
9
9

9

9

9

6.3. Probabilistic model for landslide susceptibility
As explained at the beginning of this chapter (§ 6.1), landslide susceptibility is the probability
of geographical occurrence of slope failures. It is the probability that any given region will be
affected by landslides, given a set of environmental conditions. In an important paper, Chung
and Fabbri (1999) proposed a probabilistic model for landslide susceptibility. They considered
the following (here slightly modified) propositions:
F: “a given region will be affected by landslides”

(6.7)

L: “a given region has been affected by landslides”.

(6.8)

and

These authors then proposed that landslide susceptibility, S (which they called landslide
hazard) in a region r is expressed as the following joint conditional probability:
S = P[F|v1(r), v2(r), …, vm(r)]

(6.9)

where v0(r), v1(r), … vm(r) are the m conditionally independent environmental variables, given
the condition expressed by F.
Chung and Fabbri (1999) investigated five methods to estimate the joint conditional
probability in equation 6.9, including: (i) direct estimation, (ii) Bayesian estimation, (iii)
regression modelling, (iv) modified Bayesian estimation, and (v) modified regression
modelling.
In their simplest model, the probability of future landslides in a region is given by the past
distribution of landslides in the same region, or P[F|v1(r), v2(r), …, vm(r)] = [L|v1(r), v2(r), …,
vm(r)]. However, these authors showed that this simple estimator performed poorly when it
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comes to estimating future landslides in their study area. In their second model, Bayesian
estimation (equations 6.5 and 6.6) was used to determine S based on the prior probability of
landslide occurrence, and on bivariate conditional probability functions, which were obtained
from the known distribution of past landslides (i.e., using proposition L, equation 6.8). In their
third model the probability of future landslides was obtained through multivariate regression.
The conditional joint probability that a region r will be affected by a landslide was regressed
against the bivariate conditional probabilities that a landslide will occur given a thematic
environmental variable. Again, not knowing beforehand the distribution of future landslides,
the bivariate conditional probabilities between landsliding and each of the available
environmental factors were obtained from the known distribution of (past) landslides. In their
fourth and fifth models, Chung and Fabbri (1999) proposed to modify the estimates obtained
through Bayesian reasoning and multivariate regression modelling based on some kind of
expert knowledge, which was available to them. This was obtained by using modified
bivariate conditional probability functions obtained from experts instead of the bivariate
conditional probability functions obtained in a GIS from the past distribution of landslides.
Experts may or may not have used (or known) the past distribution of landslides to establish
their estimates.
A similar probabilistic model to ascertain landslide susceptibility is now proposed. Adopting
proposition F, “a given region will be affected by landslides” (6.7), and knowing m
environmental factors v1, v2, …, vm which are related to slope instability in the region,
landslide susceptibility is
S = P [F is true, given { morphology, lithology, structure, land use, etc. }]

(6.10)

The statement is a rephrase of equation 6.9, where S is the conditional probability that a region
r will be affected by future landslides given a set of m independent environmental variables v1,
v2, …, vm in the same region. As before, the problem with this proposition is that the future
distribution of landslides is unknown to the investigator. At the beginning of a landslide
susceptibility assessment, only past landslides in a region are known (e.g., through landslide
mapping). Hence, terrain classification can be made only on the basis of the known
distribution of past slope failures. Adopting proposition L, one can write the counterpart of
equation 6.10 for the past distribution of landslides. This becomes
D = P [L is true, given { morphology, lithology, structure, land use, etc. }]

(6.11)

D = P[L|v1(r), v2(r), …, vm(r)]

(6.12)

or

where D is now the conditional probability that the region r was affected by landslides given
the same set of known independent environmental variables, v1, v2, …, vm.
In § 6.2.3 it was shown that the spatial probability of known (past) landslides can be estimated
using a variety of classical statistical techniques. Using DA or LRA, the probability assigned
to any given region (i.e., to each terrain mapping unit) is the probability that the region
pertains to one of two mutually exclusive groups, namely: (i) the group of mapping units
having landslides, G1, or (ii) the group of mapping units free of landslides, G0, given the set of
independent environmental variables used in the analysis. A straightforward deduction is to
assume S = D, and S= P[r ∈ G0] = 1-P[r ∈ G1], or
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P [F | v1(p), v2(p), …, vm(p)] = P [L | v1(p), v2(p), …, vm(p)]

(6.13)

In other words, if a region pertains to the group of terrain units having known (i.e., past)
landslides because of the local environmental setting, it is likely that the same region will
experience slope failures again in the future (even if we don’t know when). Equally, if a
region pertains to the group of terrain units free of (known) past landslides, it is unlikely that
the same region will experience mass movements in the future.

6.3.1. Discussion
The proposed probabilistic models for landslide susceptibility can predict the spatial
occurrence of future landslides under the general assumption that in any given area slope
failures will occur in the future under the same circumstances and because of the same
conditions that caused them in the past. This is a geomorphological rephrase of the wellknown postulate “the past is the key to the future” (§ 6.2.1). However, it is not certain that the
postulate applies to landslides. New, first-time failures occur under conditions of peak
resistance (friction and cohesion), whereas reactivations occur under intermediate or residual
conditions. It is well know that terrain gradient is an important factor for the occurrence of
landslides. An obvious effect of a slope failure is to change the morphology of the terrain
where the failure occurs. In addition, when a landslide moves it may change the hydrological
conditions of the slope. It is also well known that landslides can change their type of
movement and velocity with time. Lastly, landslide occurrence and abundance are a function
of environmental conditions that vary with time at different rates. Some of the environmental
variables are affected by human actions (e.g., land use, deforestation, irrigation, etc.), which
are also highly changeable. As a consequence of these complications, each landslide occurs in
a distinct environmental context, which may have been different from the past and that might
be different in the future (Guzzetti et al., 1999a).
Despite these limitations, it is reasonable to assume that the postulate holds “statistically”, i.e.,
that in the investigated area future landslides will occur in general under the same
circumstances and because of the same conditions that triggered them in the past. This means
accepting the equality expressed by equation 6.13. When a landslide susceptibility assessment
is attempted in any given area, this equality has to be shown correct. Alternatively, limits for
the equality have to be identified. This can be done explicitly or implicitly. An explicit
demonstration of the equality may come from the analysis of multi-temporal inventory maps
or from archive inventories. If the type and abundance of landslides does not change
significantly in the study area with time, then the assumption can be made that the equality
holds, and that the spatial probability of future slope failures (S) can be obtained from the
spatial probability of past landslides (D).
An implicit demonstration may come from geomorphological inference. If in an area only
rainfall induced landslides are expected, and the distribution of past rainfall induced landslides
is known in detail, the latter can be used to predict the former. However, the distribution of
past rainfall induced landslides may not predict accurately landslides triggered by earthquakes
or snowmelt in the same region. It should be understood that in many areas the past
distribution of known landslides is the result of different triggers, including intense or
prolonged rainfall periods, earthquakes and snowmelt events, and that most commonly, a
geomorphological inventory does not distinguish the triggers of the landslides. This limits our
ability to test the equality in equation 6.13. In order to apply the probabilistic models one has
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to further assume that our knowledge of the distribution of past failures is reasonably accurate
and complete, i.e., that the landslide inventory is reliable (§ 6.2.1). All these simplifications
are needed to make the problem tractable, and should always be considered when interpreting
and using the results of a susceptibility model.

6.4. Landslide susceptibility in the Upper Tiber River basin
In this section, I present and discuss the results of a landslide susceptibility model prepared for
the Upper Tiber River basin. The model exploits all the available geographical information on
landslides and on the thematic environmental factors presented in § 2.3, and relies on the
probability model of landslide susceptibility discussed in § 6.3.
To obtain landslide susceptibility the basin – which extends for 4098 km2 – was first
subdivided into ~ 16,000 slope units (§ 6.2.2). For each slope unit, a set of morphometric and
hydrological parameters useful to explain the spatial distribution of landslides were then
obtained from the available DTM (e.g., Carrara et al., 1991, 1995). Tests were made to
calibrate the size of the slope units with the dimension of the landslides. Due to the large
extent of the basin, calibration was not straightforward and required several iterations. To limit
the unrealistic condition of landslides falling in two or more slope units, slope units
corresponding to first order channels were selected relatively large (i.e., ~ 20 hectares). Next,
the slope units were further subdivided based upon the main rock types cropping out in the
basin (§ 2.3). This allowed splitting the slope units characterized by two (or more) rock types,
corresponding to different morphological settings and landslide types and abundances, in
distinct mapping units. In the end, the procedure subdivided the Upper Tiber River basin into
more than 28,600 geo-hydrological units (§ 6.2.2), which became the mapping unit of
reference for the statistical assessment of the landslide susceptibility.
Using GIS technology, a large set of geo-environmental variables (139 variables) derived from
the available thematic maps was assigned to each mapping unit. The data set contained: (i) two
variables showing the percentage of deep seated and shallow landslide area, (ii) 17
morphometric variables, describing the slope unit and its drainage line (e.g., area, slope,
aspect, stream order, contributing area, etc.), obtained from the DTM, (iii) 21 litho-technical
variables, obtained by grouping, based upon the relative abundance of hard vs. weak rocks, the
35 lithological types cropping out in the basin, (iv) five geological structure variables
describing dip of bedding, obtained from the information on the bedding attitude, (v) six
variables describing the interaction between the bedding attitude and slope aspect, and (vi) ten
variables describing land use. To these primary variables, obtained directly from existing
thematic maps, were added 45 variables obtained through the combination of primary
variables or geographical operations. Of the added variables, 8 refer to the morphology of the
slope, 31 to the interaction between lithology and bedding attitude, and 6 to the interaction
between bedding attitude and land use.
Since in the Upper Tiber River basin most of the shallow landslides are spatially associated
with deep-seated failures (i.e., landslide persistence is high, § 4.4), only one model that
included both type of movements was prepared. Using as dependent variable the
presence/absence of landslide deposits in each mapping unit, a linear discriminant function
weighted on the mapping unit area was developed. Of the 139 independent input variables
(i.e., not considering the variables describing the percentage of landslide area), 41 entered into
the discriminant model (Table 6.3). Of these variables, 12 refer to lithology, 9 to bedding
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attitude and its interactions with the local slope, 11 are morphometric, 2 describe
microclimatological conditions, and 7 describe land use or its interaction with lithology.

Land use

Aspect

Morphology

Bedding and structure

Lithology

Table 6.3 – Upper Tiber River basin. Variables selected by a stepwise linear discriminant function as
the best predictors of the occurrence of landslides in the 28,600 geo-hydrological mapping units in
which the basin was partitioned. Most important standardized discriminant function coefficients
(SDFC) are shown in bold. Negative or positive sign of the coefficients indicates variables contributing
toward stability (green) or instability (red), respectively. Variables grouped in five thematic sets.
Within each set, variables listed according to the value of the SDFC, from low (stability) to high
(instability) values. For lithology, numbers in parenthesis refer to codes listed in the “Photo-Geological
and Landslide Inventory Map of the Upper Tiber River Basin, Italy” of Cardinali et al. (2001).
VARIABLE DESCRIPTION
Coarse to fine grained alluvial and fan deposits (2, 2b, 3)
Well-bedded limestone (31, 33, 34, 36)
Thick and massive sandstone (22)
Thick and massive sandstone and calcarenite (14, 15)
Stratified pelitic layers, minor arenaceous levels (19)
Massive peridotite, gabbros and basalt (28, 29)
Calcareous, marly and clayey turbidites (26)
Clay with chaotic structure (25)
Argillite and siltstone locally with chaotic structure (27)
Chaotic mixture of clay and exotic rock elements (12)
Fine-grained lake and fluvial deposits (6, 7)
Very old (ancient) landslides
Massive structure
Bedding dipping less than 5°
Bedding dipping away the slope free face
Interaction between fluvial-lake deposits and bedding attitude
Interaction between the Liguria Complex and bedding attitude
Bedding dipping between 15° and 35°
Interaction between siltstone and sandstone and bedding attitude
Interaction between Umbria Terrigenous Complex and bedding attitude
Interaction between Tuscan Terrigenous Complex and bedding attitude
Terrain-unit mean slope angle squared
Standard deviation of terrain-unit slope angle
Index of terrain-unit micro-relief
Convex-concave profile down slope
Standard deviation of terrain-unit length
Concave profile down slope
Concave-convex profile down slope
Standard deviation of terrain-unit elevation
Terrain unit mean elevation
Terrain-unit area
Terrain-unit mean slope angle
Terrain-unit aspect facing S-SW

CPOAF
CCALS
CTTM
CTUM
CTTP
CLIM
CLIPL
CTTC
CLIC
CTUC
CPOSA
PALEO
MASS
I0_5
FRA_P
CPOREG
CLIFRA
I15_35
CTUPLTRA
CTUTRA
CTTTRA
SLO_ANG2
ANG_STD
R
COV_COC
LEN_STD
CONV
COC_COV
ELV_STD
ELV_M
SLO_ARE
SLO_ANG
TR3

SDFC
-.470
-.245
-.042
.020
.040
.060
.062
.063
.116
.192
.195
.259
-.067
.024
.037
.054
.059
.060
.069
.135
.148
-.772
-.245
-.138
-.072
-.056
.021
.029
.041
.128
.296
.962
-.045

Terrain-unit aspect facing N-NE
Interaction between forested area and Carbonate Complex
Urban area
Area free of vegetation cover
Olive groves and vineyards
Forested area
Pasture
Cultivated area

TR1
CCABO
AE
AN
CACOLPV
BO
PA
SASS

.067
-.193
.047
.051
.072
.156
.203
.224
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In Table 6.3, the standardized discriminant function coefficients (SDFC) show the relative
importance of each variable as a predictor of slope instability. Variables with large coefficients
(in absolute value) are strongly associated with the presence/absence of landslides. The sign of
the coefficient tells if the variable is positively or negatively correlated to the stability of the
mapping unit. As an example, the outcrop in a mapping unit of chaotic clay and silty rocks
(CLIC), lake and fluvial silt and clay (CPOSA), flysch deposits dipping parallel to the slope
(CTUTRA, CTTTRA) or toward the slope free face (CLIFRA), favours the probability of
occurrence of landslides. To the contrary, well bedded limestone (CCALS) or massive
sandstone (CTTM) cropping out in a mapping unit are in favour of its stability.
A peculiar case arises for the slope of the mapping unit that exhibits a curvilinear relationship
with landslide occurrence. Landslide frequency increases with slope gradient to a threshold,
above which the landslide density decreases (in Table 6.3 compare SLO_ANG and
SLO_ANG2). This is a typical condition in the central Apennines, and elsewhere (Iwahashi et
al., 2003). The abundance (area) of landslides, and in particular of deep seated slides and
slide-earth flows, increases with increasing terrain gradient up to a maximum value, where
landslide area is most abundant, and then it decreases rapidly with increasing slope. Reasons
for this behaviour are found in the relationship between lithology, strength of the rocks, and
slope instability.
Figure 6.1 shows a reduced version and an enlargement of a portion of the obtained landslide
susceptibility map for the Upper Tiber River basin (a digital version of the susceptibility map
and of the maps showing the digital information used to construct the model is available at
http://maps.irpi.cnr.it/website/tevere/tevere_start.htm). In the map, landslide susceptibility is
shown in seven classes, from very low (dark green) where landslides are not expected, to very
high (red) where abundant landslides are expected (see also Table 6.5). The enlargement
shows the good matching between the predicted susceptibility class and the presence or
absence of landslides in each mapping unit.
A quantitative comparison between the discriminant model and the landslide inventory map
(Table 6.4) reveals that the statistical model explains correctly the occurrence of landslides in
76.3% of the mapping units in the basin. For the remaining 23.7% of the mapping units, the
model provides a prediction in contrast with the geomorphological inventory map. The
efficiency of the model can be measured by the number of mapping units correctly classified
by the model. Four cases are possible (Table 6.4): (i) mapping units predicted as stable and
without landslides (green), (ii) mapping units predicted as unstable and with landslides (red),
(iii) mapping units predicted as unstable but without landslides, and (iv) mapping units
predicted as stable but with landslides. Mapping units pertaining to the first class (green, case
i) are areas characterized by a geo-environmental setting prone to the stability of the slope, and
where the geomorphologist has not observed landslide features. These areas should be
considered stable. Mapping units pertaining to the second class (red, case ii) are characterized
by geo-environmental factors prone to slope instability, and where the geomorphologist has
identified one or several landslides. These areas should be considered unstable. Mapping units
pertaining to the third and fourth classes (grey) are cases erroneously attributed by the model,
where a disagreement exists between the geomorphological inventory map and the model
prediction. In the first case (iii) landslides were not identified by the interpreter because of
mapping errors or because landslide features were cancelled by erosion or human action. In
these areas additional field investigations are needed to establish the presence/absence of
landslides and to determine the actual susceptibility conditions. The second case (iv) refers to
landslides occurred due to factors not included in the model, or due to errors in the input
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thematic data (Carrara et al., 1992, 1995; Ardizzone et al., 2002). Also for this class detailed
investigations are required to evaluate the landslide susceptibility.

Figure 6.1 – Upper Tiber River basin. Maps showing spatial probability of landslide occurrence, in
seven classes, from very low (dark green) where landslides are not expected, to very high (red) where
landslides are expected to be abundant. See also Table 6.5. Lower maps are enlargements of the
susceptibility map, without (left) and with (right) landslides.
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Table 6.4 – Upper Tiber River basin. Comparison between mapping units classified as stable or
unstable by the statistical model and the mapping units free of and containing landslides in the
geomorphological inventory map. The overall correct classification is equal to 76.3%.

GROUP 1 GROUP 0

ACTUAL GROUPS
(INVENTORY)

PREDICTED GROUPS (MODEL)
GROUP 0
STABLE MAPPING UNITS

GROUP 1
UNSTABLE MAPPING UNITS

MAPPING UNITS FREE OF
LANDSLIDES IN INVENTORY MAP

69.4 %
(case i)

30.6 %
(case iii)

MAPPING UNITS CONTAINING
LANDSLIDES IN INVENTORY MAP

14.7 %
(case iv)

85.3 %
(case ii)

Overall percentage of mapping units correctly classified equal to 76.3%.

Table 6.5 lists correlations between: (i) the seven probability classes of landslide
susceptibility, (ii) the extent and percentage of terrain in each susceptibility class, (iii) the
extent and percentage of landslide area in each class, and (iv) the percentage of terrain unit
having landslides in each susceptibility class. It should be noted that the class in the
probability range 0.45-0.55 (yellow in Figure 6.1 and in Table 6.5) shows unclassified
mapping units. These mapping units are not areas where susceptibility is “intermediate”.
Instead, for these units the statistical model, based on the available environmental thematic
information, was not capable of clearly deciding if the terrain was stable or unstable. Hence,
the mapping units are ranked as of uncertain susceptibility, and they require further
investigation or additional thematic data to be classified.
Table 6.5 – Upper Tiber River basin. Probability classes of landslide susceptibility, extent and
percentage of mapping units, extent and percent of landslide area, and percentage of mapping unit
having landslides, in each susceptibility class. Colours refer to susceptibility classes shown in Figure
6.1.
PROBABILITY

INCREASING
STABILITY

Æ

CLASS
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INCREASING
INSTABILITY

Å

UNCLASSIFIED

EXTENT OF
MAPPING UNIT

EXTENT OF
LANDSLIDE AREA

MAPPING UNIT
HAVING LANDSLIDES

%

km2

%

km2

%

%

< 20

1246.81

30.43

10.33

2.48

0.83

20 – 35

287.45

7.01

10.88

2.61

3.78

35 – 45

171.82

4.19

12.59

3.02

7.33

45 – 55

219.98

5.37

16.39

3.94

7.45

55 – 65

337.15

8.23

31.23

7.52

9.26

65 – 80

845.66

20.64

112.48

27.02

13.30

80 – 100

988.94

24.13

222.31

53.41

22.48
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6.4.1. Discussion
I now discuss the problems encountered in the production of the susceptibility model for the
Upper Tiber River basin, and I examine the validity of the assumptions under which the
susceptibility model holds, which largely condition its applicability. The discussion is based
upon the results of the Upper Tiber River basin susceptibility mapping experiment, but some
of the conclusions are general and applicable to other areas, in Italy and elsewhere.
The two principal assumptions of the proposed landslide susceptibility model are: (i) that
landslides will occur in the future under the same circumstances and because of the same
factors that produced them in the past (§ 6.2.1), and (ii) that landslide abundance is controlled
by – and can be inferred from – the local known geo-environmental conditions.
The first assumption requires that the landslide predisposing factors (the geological and
environmental conditions) “remain the same in the future” in order to cause similar slope
failures. But, for how long in the future must conditions not change? The statistical model
does not indicate a temporal validity for thee susceptibility forecast. This is common for
susceptibility maps. Landslide susceptibility assessments do not incorporate the time
component of a landslide hazard assessment (which is why they are called susceptibility
models), and quite often do not even provide a temporal framework for the validity of the
prediction, limiting their applicability (§ 9.3), and reducing the possibility of establishing if (or
two what extent) the main assumptions hold in the investigated area. A solution is to establish
the validity of the susceptibility model based on: (i) external information on landslides (e.g.,
an archive inventory of slope failures, or quantitative information on landslide age, etc.), (ii)
the expected validity of the susceptibility map for any practical application (e.g., the time
frame of a building code or land use regulation to which the susceptibility map is expected to
contribute), or (iii) the engineering lifetime of structures and infrastructure that can be affected
by landslides (e.g., from tens to few hundreds of years).
When the expected temporal validity of the susceptibility model is established, the problem
becomes that of investigating the possibility that the predisposing factors will change in the
considered period, affecting landslide susceptibility. Assuming a validity of the model
between 50 and 100 years (which is reasonable for the Upper Tiber River basin), it is safe to
imagine that geological factors (including lithology, structure and seismicity) will not change
significantly in such a short geological time. In the established period, morphological changes
can occur due to stream erosion, landslides and human actions, but extensive modifications are
not reasonably probable. Inspection of Table 6.3, which lists the variables entered into the
statistical model, shows that the majority (34 out of 41) of thematic variables are not expected
to change significantly in the considered period. Accordingly, landslide susceptibility is not
expected to change in the period. However, if significant geological and morphological
changes should occur, the model should be abandoned, or at least revaluated.
Further inspection of Table 6.3 reveals the presence of seven variables describing land use
types that entered into the susceptibility model, some with high SDFC. These variables may
change significantly in the considered period. Changes in land use, including logging, are
known to affect landslide frequency and abundance (Guthrie, 2002; Glade, 2003). Qualitative
estimates of land use change in Umbria indicate a reduction of about 20-25% of the forest
coverage since 1950, in favour of cultivated and abandoned land. In the same period,
agricultural practices have changed, largely aided by powerful mechanical equipments.
Cardinali et al. (2000), investigating recent snowmelt induced landslides in Central Umbria (§
3.3.3.2), suggested that areas recently deforested for agricultural purposes are more prone to
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landslides. If land use changes significantly in the basin, landslide susceptibility will change
accordingly. Important is the fact that the obtained susceptibility model does not incorporate
variables describing land use changes (e.g., variable showing areas previously covered by
forest that were cleared, and as a result suffered landslides). New variables showing areas of
land use change should be introduced in the model to describe the possible initiation of
landslides.
In the Upper Tiber River basin, landslides are mostly rainfall induced and snowmelt induced.
Rainfall is correlated with elevation, and the mean elevation of the mapping unit is considered
in the model. Snowmelt is controlled by elevation and slope exposure, two variables also
included in the model. Despite, meteorological factors are not explicitly included into the
susceptibility model (as in any other model of this type). Changes in the frequency or intensity
of the driving mechanisms will not affect (at least not in the considered period) susceptibility,
but it may affect the rate of occurrence of landslide events.
Lastly, the susceptibility model aims at describing the known distribution of landslides, i.e.,
the available landslide inventory map. If the landslide inventory is erroneous or incomplete,
the susceptibility model will be negatively affected. Determining the degree to which lack of
information in the landslide inventory affects the susceptibility model is no trivial task. Minor,
non-systematic errors in the inventory will not affect the model significantly. To the opposite,
if the statistical model is robust it will compensate for the lack of landslide information in the
inventory. Systematic inconsistencies in mapping the landslides will affect severely the
susceptibility model. The model was constructed to forecast the probability of spatial
distribution of shallow and deep-seated slides and slide earth flows (the most common type of
mass movements in the Upper Tiber River basin). Other types of landslides, including debris
flows shown in the “Photo-Geological and Landslide Inventory Map of the Upper Tiber River
Basin, Italy” (Cardinali et al., 2001), are not considered by the model.

6.5. Verification of a landslide susceptibility forecast
A forecast should always be verified (Jollifee and Stephenson, 2004). Models for landslide
susceptibility are forecasts of the spatial occurrence of landslides, and their performance
should be tested. Unfortunately, this is rarely done. Inspection of the literature reveals that
only recently have authors started to publish susceptibility models together with their
quantitative verifications (Chung and Fabbri, 1999; Zinck et al., 2001; Lee et al., 2002, 2003;
Chung and Fabbri, 2003; Remondo et al., 2003a; Santacana et al., 2003; Lee, 2004; Chung
and Fabbri, 2005; Guzzetti et al., 2005a,d; Moreiras, 2005). In recent papers, Chung and
Fabbri (2003, 2005) and Fabbri et al. (2003) have defined the problems (and the
misunderstandings) associated with the verification/validation of statistical models for the
assessment of multivariate landslide susceptibility. Their indications are applicable to
susceptibility assessments prepared using all types of methods.
In general, a susceptibility assessment (i.e., a prediction of landslide spatial occurrence) should
be tested: (i) against the information used to prepare the forecast, and (ii) against the future,
when it finally happens. The former is a way of investigating the “goodness of fit” of the
susceptibility model. The second aims at testing the ability of the model to actually predict
future landslides. In general it is easier to obtain higher levels of model fit than to achieve
similar levels of prediction performance. However, the latter is more important for practical
purposes. A decision maker willing to include landslide susceptibility in a land use or building
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code is more interested in the performance of the susceptibility model with time (i.e., the
aptitude of the model to predict future landslides) and less in how well the same model fits the
known distribution of past slope failures. A susceptibility model can also be tested outside the
area where it was prepared. This involves testing the exportability of the model to
neighbouring areas.
The goodness of fit of index based models can be ascertained by counting and comparing the
percentage of landslide area in each susceptibility classes. A higher susceptibility class is
expected to contain a larger percentage of landslide (unstable) area than a lower susceptibility
class. For statistical models, measures of goodness of fit are obtained by preparing
contingency tables showing the number of cases correctly classified and by comparing them
against the cases that were misclassified by the model. Since two different types of errors can
occur (i.e., mapping units free of landslides classified as unstable (error type 1); and mapping
units having landslides which are classified as stable (error type 2), models can be calibrated
to reduce one type of error (usually error type 2), depending on the user requirements (Carrara
et al., 1995; 1999). Alternatively, a graph showing the model success rates can be prepared
(Chung and Fabbri, 1999; 2005; Guzzetti et al., 2005a,d). The graph shows the percentage of
the study area (in the x-axis) against the cumulative distribution function of landslide area in
each predicted susceptibility class (y-axis). A straight diagonal line starting from the origin of
the graph represents a model with a very low degree of success. Rapid deviation of the success
rate curve from the diagonal line indicates a model with a higher performance. These graphs
can also be used to test heuristic models and process based susceptibility models. For the
latter, an a priori decision has to be made whether a given stability condition is considered
representing a landslide or not. As an example, if a distributed model of shallow slope stability
computes the factor of safety at each grid cells, all the cells with a value of the factor of safety
equal or less than 1.0 can be considered as having a landslide, and tested against the inventory
of past landslides.
Testing a model prediction against the future is more tricky task, as (in theory) it involves
waiting for the future to happen. For many practical applications, including landslide
susceptibility assessments, one has not the luxury to wait for the future to materialize and the
prediction to self validate. To the opposite, one needs to have a measure of the model ability to
predict the future before the model is used. To reach this goal several strategies can be
adopted, all of which involve exploiting some sort of temporal information on landslide
occurrence (Chung and Fabbri, 1999; 2003; Guzzetti et al., 2005a,d). Where an event
landslide inventory map is available, the map can be easily compared in a GIS with a
susceptibility model prepared with any of the discussed methods. Contingency tables and
prediction rate curves can be prepared to evaluate the model performance. Prediction rate
curves are similar to success rate curves, the difference being that the former are prepared
using the new landslides, i.e., the landslides which have occurred after the model was prepared
(Chung and Fabbri, 1999). Statistical models are more flexible. Where landslides for at least
two periods are available (e.g., from the interpretation of aerial photographs of different dates),
one can establish susceptibility levels using only slope failures which occurred before a
selected date, i.e., the “past” landslides, and then test the result against the distribution of the
landslides occurred after that date, i.e., the “future” landslides (Chung and Fabbri, 1999).
Where a multi-temporal inventory map is available, the process can be repeated several times,
studying the temporal variation of the model capability to predict future landslides (Guzzetti et
al., 2005a).
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Testing the exportability of a susceptibility model is also a difficult task. In principle, a sound
susceptibility model developed for a representative area (the training area) should be capable
of predicting landslide susceptibility in other areas, provided the environmental conditions
which lead to slope instability don’t change significantly. In practice, the usefulness of the
approach is very limited for most, if not all, the proposed susceptibility methods. For the
geomorphological approach, application to neighbouring or distant area is meaningless. Being
a direct method, landslide susceptibility has to be assessed independently for each new area.
The only advantage being that the experience made in one area may help the investigator in
compiling the susceptibility assessment in the new area. All indirect methods are based on the
collection and use of a (often large) set of environmental factors related to slope instability,
including the distribution of past and present slope failures (i.e., the landslide inventory).
When this information is available, it is more convenient to exploit it to prepare a more
general model, rather than to attempt to apply a model constructed using a geographical subset of the thematic information. However, the geographical operation can be useful to test the
spatial robustness of a model. This can be achieved in different ways. One technique consists
in first preparing a susceptibility model for the entire study area, i.e., using the total number of
mapping units, and then to prepare a number of different susceptibility models using randomly
selected sub-sets of mapping units (Carrara et al., 1991b). Comparison of the model
performances provides indication on the robustness of the original model, and may help
identifying problems with specific areas and/or peculiar environmental conditions. A slightly
different approach consists in splitting the total number of mapping units in two sub-sets, a
training set and a target set. A susceptibility model is prepared using the information of the
training set, and it is then applied against the mapping units that represent the validation set
(Chung and Fabbri, 2003). A still different approach consists in subdividing the study area
beforehand into two sub-areas. A susceptibility model is constructed using the information
available for one of the two areas, and then an attempt is made to apply (or test) the result in
the neighbouring area. The method, which in principle appears appealing, quite easily results
in practical problems that limit its application. If a new rock type or land use class are present
in the target area but were not present in the training area, if the abundance of landslides
differs in the two areas, or if the combination of the environmental factors changes in the new
area, the exportability of the constructed model may become impossible, or
geomorphologically meaningless.

6.5.1. An example of the verification of a landslide susceptibility model
For the Collazzone area (§ 2.4), the availability of a multi-temporal landslide inventory map,
of information on recent landslide events, and on detailed thematic data, allows for a good
opportunity to prepare a landslide susceptibility model and to verify it, using different
techniques.
6.5.1.1. Susceptibility model for shallow landslides in the Collazzone area
A susceptibility model for shallow landslides in the Collazzone area was prepared adopting the
same statistical classification method (i.e., discriminant analysis), a similar terrain subdivision
(i.e., slope units), and a similar set of environmental thematic data used to obtain the landslide
susceptibility model for the Upper Tiber River Basin (§ 6.4). To ascertain landslide
susceptibility, the study area was first partitioned into 894 slope units, starting from a 10 m ×
10 m DTM. As the dependent variable for the statistical analysis, the presence or absence of
shallow landslides in the 894 slope units was used. The distribution of landslides was obtained
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from a revised version of the multi-temporal landslide inventory map available for the study
area (§ 3.3.4.1). The landslide map used for the statistical analysis shows 1759 shallow slope
failures, covering 5.77 km2, 7.32% of the study area (Figure 6.2.A).
A set of 46 independent thematic variables were used in the statistical analysis, including
morphological, hydrological, lithological, structural, bedding attitude, and land-use
information. A step-wise discriminant function selected 16 (out of 46) variables as the best
predictors of the presence (or absence) of landslides in the 894 slope units in which the study
area was partitioned. In Table 6.6, the standardized discriminant function coefficients (SDFC)
show the relative importance of the 16 variable as a predictor of slope instability. Variables
with large coefficients (in absolute value) are strongly associated with the presence or the
absence of landslides. The sign of the coefficient tells if the variable is positively or negatively
correlated to instability of the mapping units.
Table 6.6 – Variables selected by a stepwise discriminant function as the best predictors of landslide
occurrence in the Collazzone area. Variables with large standard discriminant function coefficients
(SDFC), in absolute value, are shown in bold.
Variable description
Slope unit mean terrain gradient
Slope unit elevation standard deviation
Slope unit length
Slope unit terrain gradient (upper portion)
Cultivated area
Bedding dipping out of the slope
Convex slope (down slope profile)
Travertine
Slope unit facing S-SE
Slope unit drainage channel order
Alluvial deposit
Gravel
Slope unit terrain gradient standard deviation
Marl
Down and across slope concave slope
Limestone

Variable

SDFC

SLO_ANG
ELV_STD
SLO_LEN
ANGLE3
SS
FRA
CONV
TRAVERTI
TR2
ORDER
ALLUVIO
GHIAIA
ANG_STD
MARNE
CC
CARBO

-0.398
-0.370
-0.287
-0.282
-0.276
-0.241
-0.135
0.105
0.133
0.140
0.144
0.179
0.219
0.285
0.303
0.833

Inspection of Table 6.6 reveals that, based on the obtained susceptibility model, morphological
variables associated with the presence of shallow landslides include mean slope angle
(SLO_ANG), terrain gradient in the upper part of the slope (ANGLE3), slope length
(SLO_LEN), and the standard deviation of elevation (ELV_STD). Other variables associated
with unstable conditions include bedding planes dipping out of the slope free-face (FRA), and
land use characterized by seasonal crops, e.g., wheat, maize, sunflower, and alfa alfa (SS).
Lithological variables associated with stable conditions include the outcrop of layered
limestone (CARBO), marl (MARNE), alluvial deposits (ALLUVIO), and travertine deposits
(TRAVERTI). Other variables associated with the absence of landslides include down and
across slope concave profile (CC), the standard deviation of slope angle (ANG_STD), and the
order of the stream draining the slope unit (ORDER).
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Figure 6.2.B portrays the obtained landslide susceptibility model. In the map, slope units are
shown based on the probability that the unit pertains to the group of slope units containing
landslides in the multi-temporal inventory map (Figure 6.2.A). If a slope unit has a high
probability of containing a known landslide, the same slope unit is classified as landslide
prone. Else, if a slope unit has a low probability of having known landslides, the slope unit is
considered stable. Intermediate values of probability indicate the inability of the model to
classify the slope unit, given the available thematic information.
6.5.1.2. Degree of model fitting
The first question to ask when a landslide susceptibility model is prepared through a statistical
classification technique is “how well the model has performed in classifying the mapping
units?” This involves determining the degree of model fit. A straightforward way of testing
model fit consists in counting the number of cases (i.e., the mapping units) correctly classified
by the model. Table 6.7 shows the results for the model shown in Figure 6.2.A.

Figure 6.2 – Collazzone area. (A) Multi-temporal landslide inventory map showing shallow landslides.
Map prepared through the interpretation of various sets of aerial photographs taken in the period from
1941 to 1997. Original map scale 1:10,000. (B) Map showing spatial probability of shallow landslide
occurrence (landslide susceptibility). Study area subdivided into 894 slope units. Different colours
indicate spatial probability in 5 classes, from low values (in green) where landslides are not expected,
to high values (in red) where landslides are predicted abundant. Square bracket indicates class limit is
included. Round bracket indicates class limit is not included.

The susceptibility model shown in Figure 6.2.A. correctly classifies 688 (77.0%) of the 894
slope units in which the study area was partitioned. The figure represents a measure of the
“overall goodness of fit” of the model. Of the 688 correctly classified slope units, 239 were
classified as “stable” and 449 were classified as “unstable” by the model. Of the 206
misclassified cases, 121 were slope units free of landslides that were classified as “unstable”
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by the model, and 85 were slope units that showed landslides in the inventory map and were
attributed to the “stable” group by the model. The former may be the result of errors in the
inventory map (e.g., unrecognized landslides, or landslides cancelled by erosion, land use
changes, ploughing, or other human actions). The latter are slope units that have geological
and environmental conditions typical of stable slopes, and where landslides took place owing
to specific and unique conditions not accounted for by the model.
Further inspection of Table 6.7 reveals that the susceptibility model is more efficient in
correctly classifying slopes that have landslides, and less efficient in classifying slopes free of
slope failures. The difference can be attributed to the larger number of slope units with
landslides (59.7%) in the study area.
Table 6.7 – Collazzone area. Comparison between slope units classified as stable or unstable by the
statistical model (Figure 6.2.B) and slope units free of and containing landslides in the multi-temporal
inventory map (Figure 6.2.A). Numbers in parenthesis show the number of slope units.

GROUP 1 GROUP 0

ACTUAL GROUPS
(INVENTORY)

PREDICTED GROUPS (MODEL)
GROUP 0
STABLE MAPPING UNITS

GROUP 1
UNSTABLE MAPPING UNITS

MAPPING UNITS FREE OF
LANDSLIDES IN INVENTORY MAP

66.4 %
(239)

33.6 %
(121)

MAPPING UNITS CONTAINING
LANDSLIDES IN INVENTORY MAP

15.6 %
(85)

84.1 %
(449)

Overall percentage of mapping units correctly classified equal to 77.0%.

An alternative way of measuring the reliability of the model – in terms of its ability to classify
known landslides – consists in using Cohen’s Kappa index (Cohen, 1960; Hoehelr, 1999). For
the purpose, I have rearranged the data shown in contingency Table 6.7. Table 6.8 shows the
proportion (observed probability) of slope units in each of the four classification classes with
the marginal probabilities, obtained by summation of the probabilities along the rows and the
columns. Values in parentheses represent the expected proportions on the basis of chance
associations, i.e., the joint probabilities of the marginal proportions. The Kappa index (κ) is
obtained as:
P − PE
−∞ ≤ x ≤1
κ= C
6.14
1 − PC
where, PC is the proportion of slope units correctly classified as stable or unstable (in our case,
PC = 0.267 + 0.502 = 0.769), and PE is the proportion of slope units for which the agreement is
expected by chance (in this case, PE = 0.146 + 0.381 = 0.527). Thus, in this case, κ = 0.513.
Landis and Kock (1997) have suggested that for 0.41 ≤ κ ≤ 0.60 the strength of the agreement
between the observed and the predicted values is moderate. Several other indexes can be used
to measure the forecasting skill of classification. For a review see Mason (2003).
Tables 6.7 and 6.8 provide a lumped estimate of model fit, but do not provide a detailed
description of the model performance of the different susceptibility classes (Chung and Fabbri,
1999, 2003). To determine this, one can conveniently compare the total area of known
landslides in each susceptibility class with the percentage of area of the susceptibility class.
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Table 6.8 – Comparison between the proportions of slope units classified as stable or unstable by the
susceptibility model for the Collazzone area and the proportions of slope units free of and containing
landslides in the multi-temporal inventory map (Figure 6.2.A). Marginal totals are obtained by
summing proportions along the rows and the columns. Numbers in parenthesis represent the expected
proportions on the basis of chance associations, i.e., the joint probabilities of the marginal proportions.

LANDSLIDE
INVENTORY

MODEL PREDICTION
STABLE MAPPING
UNITS

UNSTABLE MAPPING
UNITS

MARGINAL TOTALS

MAPPING UNITS FREE
OF LANDSLIDES

0.267
(0.146)

0.135
(0.257)

0.403

MAPPING UNITS WITH
LANDSLIDES

0.095
(0.216)

0.502
(0.381)

0.597

MARGINAL TOTALS

0.362

0.638

1.000

κ = 0.513, moderate agreement.

Figure 6.3 shows the percentage of the study area ranked from most to least susceptible (xaxis) against the cumulative percentage of landslide area in each susceptibility class (y-axis).
The most susceptible 10.0% of the study area covers 19.5% of the landslide area shown in
Figure 6.2.A, and the most susceptible 50.0% of the study area covers 72.7% of the total
mapped landslides. Figure 6.3 also shows that 52.3% of the mapped landslides fall in the
29.0% of the study area classified as highly susceptible (probability > 0.80), and that 87.0% of
the mapped landslides fall in the 63.4% of the study area classified as susceptible or highly
susceptible (probability > 0.80). Only 5.6% of the landslides shown in the multi-temporal
inventory (Figure 6.2.A) are in areas classified as not, or as weakly susceptible (probability ≤
0.45) by the model. This is in agreement with the reduced number of mapping units (85,
15.9%) having landslides and erroneously attributed to the “stable” group by the model (Table
6.7). These figures provide a quantitative measure of the ability of the susceptibility model to
match (i.e., “fit”) the known distribution of shallow landslides in the Collazzone area.

Figure 6.3 – Analysis of the fitting performance of the landslide susceptibility model prepared for the
Collazzone area shown in Figure 6.2.B. x-axis, cumulative percentage of the study area in classes of
probability of landslide spatial occurrence, ranked from most (left, red) to least (right, green)
susceptible. y-axis, cumulative percentage of landslide area in the susceptibility classes.
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6.5.1.3. Ensemble of landslide susceptibility models
To determine the reliability of the landslide susceptibility assessment shown in Figure 6.2.B, I
propose an innovative method based on the preparation of an ensemble of landslide
susceptibility models. The ensemble consisted of 350 different susceptibility models obtained
from the same set of 46 independent thematic variables and the same multi-temporal landslide
map (Figure 6.2.A), but using a different number of mapping units, from 268 (30%) to 849
(95%) slope units. To obtain this ensemble, the following strategy was adopted. First, a subset
containing 30% of the slope units (268 units) was obtained by random selection from the
entire set of 894 slope units. The random selection was repeated 50 times, obtaining a group of
50 different subsets, each containing 268 slope units. This collection of 50 subsets of slope
units was named “group G30” (i.e., 30% selected slope units). Then, the selection procedure
was repeated changing the number of the selected units. In this way, collections with 45%,
55%, 65%, 75%, 85%, and 95% slope units were obtained. These collections, each listing 50
subsets of slope units, became groups G45 (402 units), G55 (491 units), G65 (581 units), G75
(670 units), G85 (760 units) and G95 (849 units). The obtained ensemble contained a total of
350 subsets of slope units, i.e., 7 groups each containing 50 subsets. Landslide susceptibility
models were then prepared for each subset of the ensemble, obtaining 350 different
susceptibility models, i.e., 350 different forecasts of shallow landslide susceptibility in the
Collazzone area.
6.5.1.4. Role of independent thematic variables
To assess model reliability, one must first considered the role of the (46) independent thematic
variables used to construct the landslide susceptibility model. For the purpose, group G85 can
be conveniently used. This group was obtained by randomly selecting (50 times) 760 slope
units, i.e., 85% of the 894 slope units. For this group, Table 6.9 lists the number and the
percentage of the models that selected (or did not select) the 46 variables, and whether the
variables were selected as predictors of slope stability (S), or of slope instability (I). Inspection
of Table 6.9 reveals that of the 46 considered variables, 38 (82.6%) entered in at least one of
the 50 models encompassing G85, and 8 (17.4%) variables were never selected as predictors of
landslide occurrence. Of the 38 selected variables, 15 (39.5%) were selected by 25 or more
models, and 7 (18.4%) were selected by 45 or more models.
The 50 stepwise discriminant functions constructed from G85 selected from as few as 11
variables, to as many as 18 variables (modal value 14 variables). All the selected variables,
with the exception of drainage magnitude (MAGN), were either always selected as positively
(I, in Table 6.9) or always selected as negatively (S, in Table 6.9) associated with the presence
of landslides. This is as an indication of the consistency of the role of the thematic variables in
explaining the known distribution of landslides, which contributes to the reliability of the
susceptibility model.
Inspection of Table 6.9 further indicates that more than 75% of the prepared models used the
same set of ten thematic variables. These variables included: four variables describing
morphology (ELV_STD, ANG_STD, SLO_LEN, SLO_ANG), three variables describing
lithology (CARBO, GHIAIA, MARNE), one variable for the attitude of bedding planes
(FRA), one variable describing slope aspect (TR2), and one variable describing a land use type
(SS). The ten variables are also present in Table 6.6, which lists the variables entered into the
susceptibility model shown in Figure 6.2.B. Comparison of Table 6.6 and Table 6.9 reveals
that, with the exception of AREN (i.e., presence of sandstone), all the 16 variables selected to
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construct the susceptibility model shown in Figure 6.2.B are listed in Table 6.9 as the most
selected variables. This is a further indication of the ability of the selected variables to explain
the known distribution of landslides in the Collazzone area.
Table 6.9 – Thematic variables selected, or not selected, by 50 discriminant functions as the best
predictors of shallow landslide occurrence in the Collazzone area. Group G85 used for the analysis. In
last column, “S” shows variables selected as predictor of slope stability, and “I” shows variables
selected as predictor of slope instability. Standard discriminant function coefficients (SDFC) are those
listed in Table 6.6 for variables selected as best predictors of landslide occurrence by the model shown
in Figure 6.2.B.
Variables
Slope unit elevation standard deviation
Limestone
Bedding dipping out of the slope
Gravel
Marls
Slope unit terrain gradient standard deviation
Slope unit length
Slope unit mean terrain gradient
Cultivated area
Slope unit facing S-SE
Concave profile (down slope profile)
Slope unit drainage channel order
Alluvial deposit
Convex profile (down slope profile)
Sandstone
Travertine
Slope unit terrain gradient (upper portion)
Forested area
Slope unit area
Slope unit drainage channel length
Index of slope unit micro-relief (terrain roughness)
Slope unit terrain gradient (lower portion)
Slope unit mean elevation
Concave slope profile (down slope profile)
Drainage channel mean slope
Continental deposit
Sand
Slope unit drainage channel magnitude
Urban area
Bedding dipping into the slope
Bedding dipping across the slope
Slope unit facing N-NE
Standard deviation of terrain unit length
Convex-concave profile (down slope profile)
Irregular slope profile
Clay
Cultivated area with trees
Vineyards
Drainage basins total area upstream the slope unit
Slope unit terrain gradient (intermediate portion)
Concave-convex profile (down slope profile)
Slope unit rectilinear profile
Fruits trees
Pasture
Slope unit facing S-SW
Deposit of ancient landslide
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SDFC
ELV_STD
CARBO
FRA
GHIAIA
MARNE
ANG_STD
SLO_LEN
SLO_ANG
SS
TR2
CC
ORDER
ALLUVIO
CONV
AREN
TRAVERTI
ANGLE3
BOSCO
SLO_ARE
LINK_LEN
R
ANGLE1
ELV_M
CONC
LNK_ANG
CONTI
SABBIA
MAGN
URB
REG
TRA
TR1
LEN_STD
COC_COV
IRR
ARGILLA
SA
VIG
AREAT_K
ANGLE2
COV_COC
RET
FRUTT
PASCOLO
TR3
FRA_OLD

-0.370
0.833
-0.241
0.179
0.285
0.219
-0.287
-0.398
-0.276
0.133
0.303
0.134
0.144
-0.135
0.105
-0.282

Susceptibility models
#
%
50
100
50
100
49
98
47
94
47
94
45
90
45
90
41
82
40
80
38
76
33
66
30
60
30
60
27
54
25
50
23
46
21
42
21
42
13
26
10
20
10
20
5
10
4
8
4
8
3
6
3
6
3
6
2
4
2
4
2
4
2
4
2
4
1
2
1
2
1
2
1
2
1
2
1
2

Predictor
I
S
I
S
S
S
I
I
I
S
S
S
S
I
S
S
I
S
I
I
I
I
I
I
S
I
I
I/S
S
S
I
I
S
S
S
I
I
S

Variables were never selected as predictors of
landslide occurrence
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6.5.1.5. Model sensitivity
Now that it has been established that the independent thematic variables are capable of (and
consistent in) classifying the mapping units as stable or unstable slopes, I investigate the
sensitivity of the susceptibility model to changes in the input data. In general, results of a
robust (least sensitive) statistical model should not change significantly if the input data are
changed within a reasonable range (Michie et al., 1994). To investigate the sensitivity of the
susceptibility model to changes in the input data, I use the entire ensemble of susceptibility
models, and study the variation in the overall percentage of slope units correctly classified by
the 350 models. I consider three cases: (i) slope units selected by the adopted random selection
procedure, and classified by the discriminant functions (selected units, i.e., “training” or
“modelling” set”, Figure 6.4.A), (ii) slope units not selected by the random selection
procedure, and classified by the discriminant functions constructed on the corresponding
subset of selected units (non-selected units, i.e., “classification” or “validation” set, Figure
6.4.B), and (iii) all slope units, irrespective of the fact that they pertained to the selected
(training) or the non-selected (classification) sets (Figure 6.4.C).
In Figure 6.4.A, the orange box plots show that an increase in the number of the selected slope
units results in a decrease of the median (50th percentile) and in the variability (10th to 90th
percentile range) of the model fit. This was expected. Given the large number of the available
thematic variables (46), a reduced number of cases (268 mapping units for G30) allows for a
(apparently) better model classification (mean = 78.36% for G30), at the expenses of model
variability, which is large (std. dev. = 2.59% for G30). Further inspection of Figure 6.4.A
indicates that a reduction in the percentage of slope units correctly classified, and in the
corresponding scatter in the susceptibility estimates, becomes negligible for percentages of the
considered slope units exceeding 75%. Thus, susceptibility models obtained using ~ 75% or
more slope units do not differ significantly – in terms of the number of correctly classified
units – from the model obtained using the entire set of 894 mapping units. This is an indication
of the model ability to cope with significant (up to 25%) random variation in the input data.
Figure 6.4.B provides similar results for the non-selected subsets. The overall model fit and its
scatter increase with a decreasing number of non-selected units. Comparison of Figures 6.4.A
and 6.4.B indicates that models prepared using the selected units result in a better
classification (i.e., in a larger model classification) when compared to models obtained using
the non-selected units. This was also expected. Any statistical classification provides better
results on the training set, and performs less efficiently when applied to the validation set
(Michie et al., 1994). Figure 6.4.C shows the result for the collection of the selected (training)
and the non-selected (validation) subsets. The blue box plots show the cumulative effect of the
slope units correctly classified in the training and in the validation sets. For this reason, the
scatter around the median is reduced, particularly for proportions of slope units exceeding
75%.
6.5.1.6. Uncertainty in the susceptibility estimate of individual slope units
The adopted approach to ascertain landslide susceptibility provides a unique (single) value for
the probability of spatial occurrence of the known landslides (i.e., of landslide susceptibility)
for each mapping unit (e.g., Figure 6.2.B). The approach does not provide a measure of the
error (i.e., the uncertainty) associated with the probability estimate. This is a limitation, which
can be possibly overcome by further analysing the results contained, e.g., in group G85 of the
obtained susceptibility models.
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Figure 6.4 – Sensitivity analysis for the landslide susceptibility model prepared for the Collazzone area
shown in Figure 6.2.B. (A) training set, i.e., slope units selected by a random selection procedure and
classified by 50 discriminant functions; (B) validation set, i.e., slope units not selected by a random
selection procedure and classified by 50 discriminant functions constructed on the corresponding
subset of selected slope units; (C) all slope units, encompassing the selected (training) and the nonselected (validation) sets. In the box-plots, the central line shows 50th percentile (median); lower and
upper limits of rectangle show 25th and 75th percentiles, respectively; lower and upper horizontal lines
show10th and 90th percentiles, respectively; dots show outliers.

G85 lists 50 susceptibility models that resulted in 50 different estimates of the probability of
spatial occurrence of landslides for the 894 slope units in which the study area was partitioned.
For each slope unit, Figure 6.5.A compares the mean value of the 50 probability estimates
listed in group G85 with the single probability estimate obtained for the model shown in Figure
6.2.B, the latter prepared using the entire set of 894 slope units. The correlation between the
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two estimates of landslide susceptibility is very high (r2 = 0.9998), indicating that the two
classifications are virtually identical.
Based on this result, Figure 6.5.B shows for the 894 slope units ranked from low to high
values of the probability estimate of landslide spatial occurrence, 2 standard deviations (2σ) of
the same probability estimate. The measure of 2σ is low (< 0.05) for slope units classified as
highly susceptible (probability > 0.80) or as largely stable (probability < 0.20). The scatter in
the model estimate is larger for intermediate values of the probability (i.e., between 0.40 and
0.60). This indicates that for the latter slope units, not only the model is incapable of
satisfactorily classifying the terrain as stable or unstable, but also that the obtained estimate is
highly changeable, and hence poorly reliable.

Figure 6.5 – (A) For 894 slope units in which the Collazzone area was partitioned, the graph compares
the mean value of the 50 probability estimates obtained from group G85 (x-axis) with the single
probability value obtained for the susceptibility model shown in Figure 6.2.B (y-axis). Correlation
coefficient, r2 = 0.9998. (B) Landslide susceptibility model error. For the 894 slope units in the
Collazzone area, the graph shows the mean value of 50 probability estimates (x-axis) against two
standard deviations (2σ) of the probability estimate (y-axis). Mean and standard deviation values
obtained from group G85. Along the x-axis, slope units are ranked from low (left) to high (right) spatial
probability of landslide occurrence. Blue line shows estimated model error obtained by linear
regression fit. Correlation coefficient, r2 = 0.605.

The variation in the model estimate shown in Figure 6.5.B can be modelled by the following
equation (blue line):
y = −0.309 x 2 + 0.308 x 0 ≤ x ≤ 1 ( r 2 = 0.605 )

6.15

where, x is the estimated value of the probability of pertaining to an unstable mapping unit
(i.e., the landslide susceptibility estimate), and y is 2σ of the model estimate (Guzzetti et al.,
2005d).
The value of 2 standard deviations (2σ) of the model estimate is a proxy for the susceptibility
model error. Equation (6.15) can be used to estimate quantitatively the model error for each
slope unit, based on the computed probability estimate. For each slope unit, Figure 6.6 shows
the error associated with the probability estimate (i.e., to landslide susceptibility), computed
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using equation 6.15. Figure 6.6 provides a quantitative measure of the error associated with the
quantitative landslide susceptibility assessment shown in Figure 6.2.B.
To further investigate the relationship between the predicted probability of spatial landslide
occurrence and its variation (error), one can rank the 894 slope units based on the mean value
of the computed probability estimates obtained from group G85. Figure 6.7, shows the rank of
the slope unit (x-axis) against statistics of the probability estimates (y-axis). In the Figure, the
thick red line shows the average value of the landslide susceptibility estimates, and the thin
orange lines show ± 2σ of the estimate. The measure of 2 standard deviations varies with the
predicted probability of spatial occurrence of landslides. The variation is small for slope units
predicted as highly unstable, it increases to a maximum value towards the centre of the graph,
where unclassified slope units are shown and it decreases again to small values for slope units
predicted as highly stable.

Figure 6.6 – Map showing estimated model error (2σ) for the landslide susceptibility model shown in
Figure 6.2.B. Model error was computed using equation 6.15 and is shown here in 5 classes. Square
bracket indicates class limit is included. Round bracket indicates class limit is not included.
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Figure 6.7 – For 894 slope units, ranked from low (left) to high (right) susceptibility values (x-axis),
the graph shows the probability of the spatial occurrence of landslides (y-axis). Thick red central line
shows the average value for 50 landslide susceptibility estimates. Upper and lower orange lines show
±2σ of landslide susceptibility estimate.

6.5.1.7. Analysis of the model prediction skill
The tests described in the previous sections were aimed at determining the (statistical)
reliability and robustness of the susceptibility model (§ 6.5.1.2, § 6.5.1.5), and at estimating
the error associated with the quantitative forecast (§ 6.5.1.6). All tests were performed using
the same landslide information used to construct the susceptibility model (Figure 6.2.B), i.e.,
the multi-temporal landslide inventory map shown in Figure 6.2.A. A limitation of the
performed tests lays in the fact that the tests do not provide insight on the ability of the
susceptibility model to predict the occurrence of new or reactivated (i.e., “future”) landslides,
which is the primary goal of any susceptibility assessment (Chung and Fabbri, 1999, 2003;
Guzzetti et al., 1999, 2005c,d).
To evaluate the ability of a susceptibility model to predict future landslides one must use
independent landslide information (§ 6.5). For the Collazzane area, independent landslide
information exists, and consists of two recent landslide event inventory maps. The first
inventory shows 413 landslides triggered by rapid snowmelt in January 1997 (§ 3.3.3.2, Figure
6.8.A). In the inventory, the area of individual landslides ranges from 75 m2 to 44,335 m2, for
a total landslide area of 0.78 km2, 0.98% of the study area. The second event inventory shows
153 landslides triggered by heavy rainfall in the period from October to December 2004
(Figure 6.8.B). Area of the latter slope failures ranges from 51 m2 to 47,884 m2, for a total
landslide area of 0.38 km2, 0.49% of the study area.
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Figure 6.8 – Recent landslide event inventory maps for the Collazzone area. (A) Map showing 413
landslides triggered by rapid snowmelt in January 1997 (§ 3.3.3.2; Cardinali et al., 2000; Guzzetti et
al., 2003). (B) Map showing 102 landslides triggered by heavy rainfall in the period from October to
December 2004. Original maps at 1:10,000 scale.

In an attempt to determine the ability of the susceptibility model to predict future landslides, I
now perform three tests. The first test consists in computing the proportion of the event
landslide area in each susceptibility class, and in showing the results using cumulative
statistics. Figure 6.9 shows the percentage of the study area, ranked from most to least
susceptible (x-axis), against the cumulative percentage of the area of the triggered landslides
in each susceptibility class (y-axis), for the snowmelt induced landslides in January 1997
(dark-blue dashed line), and for the rainfall induced landslides in autumn 2004 (light-blue
dotted line). Inspection of Figure 6.9 reveals that the most susceptible 10.0% of the study area
contains 19.5% of the snowmelt induced landslide areas (Figure 6.8.A), and 18.4% of the
rainfall-induced landslide areas (Figure 6.8.B). Further, the most susceptible 50.0% of the
study area contains 84.5% of the snowmelt induced landslide areas, and 73.2% of the rainfall
induced landslide areas. These figures provide a quantitative estimate of the model prediction
skill.
Inspection of Figure 6.9 indicates that the forecasting performance of the susceptibility model
is better for the 1997 snowmelt induced landslides, and slightly poorer for the 2004 rainfall
induced landslides. The difference can be attributed – at least partially – to the larger number
of snowmelt induced landslides (Figure 6.8.A), a function of the different severity of the
triggering events. In the study area, rapid snowmelt in January 1997 was a more severe trigger
of landslides than the autumn 2004 rainfall period (Guzzetti et al., 2003). Figure 6.9 shows
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that the prediction performance is similar (for rainfall induced landslides) or even higher (for
snowmelt induced landslides) that the model fitting performance (Figure 6.3, and thin blue line
in Figure 6.9). This is surprising, because the fitting performance of a landslide susceptibility
model is usually higher that its prediction skill (Chung and Fabbri, 2003; Guzzetti et al.,
2005a,d).
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Figure 6.9 – Analysis of the prediction skill of the landslide susceptibility model prepared for the
Collazzone area and shown in Figure 6.2.B. x-axis, cumulative percentage of the study area in classes
of landslide spatial occurrence, ranked from most (left) to least (right) susceptible. y-axis, cumulative
percentage of the events landslide area in each susceptibility class. Thick dashed dark-blue line shows
landslides triggered by rapid snowmelt in January 1997 (Figure 6.8.A). Thick dotted light-blue line
shows landslides triggered by heavy rainfall in autumn 2004 (Figure 6.8.B). Continuous thin line
shows model fitting performance (Figure 6.3).

The remaining two tests explore further the relationship between the predicted susceptibility
classes and the distribution and abundance of the triggered landslides. Figure 6.10.A shows
that 65.6% of the snowmelt induced landslide areas in January 1997, and 54.7% of the rainfall
induced landslide areas in autumn 2004 occurred in slope units classified as highly unstable
(probability > 0.80). Further, 90.7% of the snowmelt induced landslide areas, and 88.2% of the
rainfall induced landslide areas occurred in unstable or highly unstable slope units (probability
> 0.55). Conversely, only 2.0% of the snowmelt induced landslide areas, and only 3.7% of the
rainfall induced landslide areas where found in mapping units classified as highly stable
(probability ≤ 0.20). Figure 6.10.B shows similar results, but considers the number of the
triggered landslides. To obtain this statistics, the central point of each landslide polygon was
identified in the GIS and the number of landslide central points in each slope unit was counted.
About 57.0% of the snowmelt induced landslides, and 53.6% of the rainfall-induced landslides
occurred in slope units classified as highly unstable (probability > 0.80). Conversely, only
2.2% of the snowmelt induced landslides, and only 3.3% of the rainfall induced landslides
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occurred in slope units classified as highly stable (probability ≤ 0.20). Figure 6.10 confirms
the aptitude of the susceptibility model to predict where (i.e. in which slope unit) the snowmelt
induced landslides occurred in January 1997, and where the rainfall-induced landslides
occurred in autumn 2004.
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Figure 6.10 – Collazzone area. Analysis of the relationship between the predicted susceptibility classes
and the distribution and abundance of the triggered landslides. (A) Cumulative statistics of triggered
landslide area (y-axis) in the susceptibility classes (x-axis). (B) Cumulative statistics of the number of
triggered landslides (y-axis) in the susceptibility classes (x-axis). Dashed dark-blue lines show landslides
triggered by rapid snowmelt in January 1997. Dotted light-blue lines show landslides triggered by heavy
rainfall in autumn 2004.

6.5.2. A framework for the validation of landslide susceptibility models
In the previous section (§ 6.5.1), I have presented a detailed example of how the quality (i.e.,
reliability, robustness, degree of fitting and prediction skills) of a landslide susceptibility
model can be assessed quantitatively (i.e., measurably). The adopted evaluation procedure
included: (i) standard methods used to evaluate the “goodness of fit” of a statistical
classification (e.g., Tables 6.7 and 6.8), (ii) tests proposed in the literature to determine the
degree of model fitting (Figure 6.3) and the prediction skills (Figure 6.9) of a landslide
susceptibility model (Chung and Fabbi, 2003), and (iii) a scheme designed to evaluate (Figure
6.5) and to portray on a map (Figure 6.6) the error associated with the landslide susceptibility
estimate obtained for each individual mapping unit.
Based on the results obtained in the Collazzone area, and aided by the scarce literature on the
validation of landslide susceptibility models (Carrara et al., 1992; Irigaray Fernández et al.,
1999; Ardizzone et al., 2002; Chung and Fabbri, 1999, 2003, 2005; Fabbri et al., 2003;
Remondo et al., 2003), I propose a general framework for establishing the quality of a
landslide susceptibility assessment, including an objective scheme for ranking the quality of
the assessment. A landslide susceptibility model should be tested to:
(a) Determine the degree of model fit,
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(b) Establish the aptitude of the thematic information to construct the model, including an
assessment of the sensitivity of the model to changes in the landslide and the thematic
information used to construct the model,
(c) Determine the error associated with the probabilistic estimate obtained for each mapping
unit, and
(d) Test the skill of the model prediction to forecast “future” landslides.
Determining the degree of model fit consists in establishing how well the model describes
(i.e., matches) the known distribution of landslides. The task is easily performed in a GIS
using the same landslide information used to construct the susceptibility model. For the
purpose, contingency tables (e.g., Tables 6.4, 6.7 and 6.8), and cumulative statistics of the
abundance of landslides in the susceptibility classes (e.g., Figure 6.3) can be prepared.
However, for the test to be significant, the landslide information must be representative,
accurate, and complete.
To evaluate the role of the thematic information in the construction of the landslide
susceptibility model (e.g., Tables 6.3 and 6.6), and to evaluate the model sensitivity (e.g.,
Figure 6.4), one can study the list of thematic variables entered (and not entered) in a set of
discriminant classification functions constructed on a sub-set of randomly selected mapping
units (e.g., group G85, for the Collazzone case study). In the proposed scheme, the random
selection procedure accounted for the variability in the input data.
The expected error (i.e., the level of uncertainty) associated with the probabilistic
susceptibility estimate obtained for each mapping unit can be determined by investigating the
variability of the obtained estimate in the mapping units. For the purpose, I have assumed that
two standard deviations (2σ) of the model estimate was a reasonable measure of the model
uncertainty, and modelled the expected error consequently (i.e., using equation 6.14).
Alternative measures of model uncertainty can be adopted.
Testing the ability of the susceptibility model to forecast new (i.e., “future”) landslides can
only be accomplished using landslide information not available to construct the susceptibility
model (Chung and Fabbri, 2003, 2005; Guzzetti et al., 2005a,d). In the Collazzone area, I
obtained independent landslide information from two recent event inventory maps showing
new slope failures triggered by rapid snow melting and by intense rainfall. Chung and Fabbri
(2003, 2005) obtained a similar result by splitting a multi-temporal inventory in two temporal
subsets, i.e., a training set containing landslide occurred before an established date, and a
classification set showing landslides occurred after the established date. I maintain that the
scheme adopted here is superior to the scheme used by Chung and Fabbri (2003, 2005). In the
first scheme, to construct the susceptibility model the entire set of available information on the
past landslides is exploited, and not a temporal (i.e., limited) subset of it. As a potential
drawback, the scheme is more “severe”, as a much reduced number of landslides is used to
ascertain the model prediction skill.
Table 6.10 lists a set of criteria for ranking and comparing the quality of landslide
susceptibility assessments. Based on the listed criteria, when no information is available on the
quality of a landslide susceptibility model the obtained product has the lowest possible level of
quality (level 0). This level of quality should be considered unacceptable. When estimates of
model fit are available, the susceptibility assessment has the least acceptable quality level
(level 1). When the error associated with the predicted susceptibility estimate for each
mapping unit is established, the susceptibility assessment has a higher level of quality (level
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2). Lastly, when the prediction skill of the model is known, the susceptibility assessment has a
still higher quality rank (level 4). The proposed scheme allows for summing the individual
quality levels. As an example, a susceptibility assessment for which the fitting performance
(level 1) and prediction skill (level 4) were determined is quality level 5. When, for the same
susceptibility assessment, the error associated with the predicted susceptibility for each
mapping unit is established (level 2), the quality level becomes 7. Adopting the proposed
scheme, the landslide susceptibility model prepared for the Collazzone area has the highest
quality level (i.e., level 7).
Table 6.10. Criteria and levels of quality for landslide susceptibility models and associated maps.
Description

Level

No information is available, or no test was performed to determine the quality and the prediction
skill of the landslide susceptibility assessment.

0

Estimates of degree of model fit are available. Tests were performed using the same landslide
information used to obtain the susceptibility estimate.

1

Estimates of the error associated with the predicted susceptibility value in each terrain unit are
available. Tests were performed using the same landslide information used to obtain the
susceptibility estimate.

2

Estimates of the model prediction performance are available. Tests were performed using
independent landslide information, not used to obtain the susceptibility model.

4

The criteria listed in Table 6.10 do not guarantee as such the quality of a susceptibility
estimate. To obtain this, the results of specific tests must be matched against established
acceptance thresholds. Defining such thresholds is not an easy task. Based on the experience
gained in numerous landslide susceptibility assessments completed in southern (Carrara,
1983), central (Carrara et al., 1991; 1995; 2003; Cardinali et al., 2002) and northern
(Ardizzone et al., 2002; Guzzetti et al., 2005c) Italy, I propose a set of acceptance thresholds,
and I compare the results of the performed tests to the proposed thresholds.
I consider acceptable a susceptibility model with an overall degree of model fit greater than at
least 75%, and I regard a classification as very satisfactory when the overall model fit is
greater that 80%. Further, I consider an extremely high value of the overall model fit (e.g., ≥
90%) as an indication that the model matches too closely the original landslide inventory map
(a case of model “over fitting”). When such case arises, the model prediction is virtually
indistinct from a prediction made using solely the landslide inventory, making the model
useless and unreliable. The case may arise, e.g., where the spatial distribution of landslides is
“trivial” (i.e., very easy) to forecast, or where the number of mapping units is very small
compared to the number of the explanatory variables (e.g., Campus et al., 1999). An additional
indication of the quality of the model consists in a reduced number of mapping units with
landslides erroneously classified as “stable” areas by the model. The overall fit obtained for
the susceptibility model prepared for the Collazzone area is 77.0% (Table 6.7), and the
proportion of mapping units with landslides erroneously classified as stable areas is 9.5% (85
units).
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A statistical model obtained using a reduced number of geomorphologically meaningful
explanatory variables is “less expensive” and superior to a model which uses a very large
number of variables. Further, use of a stable combination of variables provides for a robust
model that can cope with (some) uncertainty in the input data. The discriminant function used
to construct the susceptibility model for the Collazzone area shown in Figure 6.2.B selected 16
of the 46 available thematic variables (34.8%). Analysis of Table 6.9 reveals that the selected
variables are consistent in classifying the slope units as stable or unstable in a large number of
models. This is an indication of the robustness of the obtained model.
To appraise the fitting performance and the prediction skill of a landslide susceptibility model,
Chung and Fabbri (2003) proposed comparing the proportion of landslide area in each
susceptibility class (AL) with the proportion of the susceptibility class (AS) in the study area.
For a successful classification, the “effectiveness ratio” AL/AS should be greater than one in the
areas predicted as landslide prone by the model, and less than one in the areas predicted as
stable by the model. A very effective prediction class has a ratio close to zero or very large,
depending if the class predicts stability or instability. Where the effectiveness ratio is near one,
the proportion of landslides in the susceptibility class is not different from the average
landslide density in the study area, and the performance of the susceptibility class in
determining the known (“fitting” performance) or the future (“prediction” skill) location of
landslides is weak. Chung and Fabbri (2003) considered “effective” a susceptibility class with
a ratio larger than at least 3 (unstable areas) or less than at most 0.2 (stable areas), and
“significantly effective” a susceptibility class with a ratio larger than at least 6 or less than at
most 0.1. These criteria are hard to match in complex areas where landslides are large and
numerous, and where the landscape exhibits considerable geomorphological variability. For
such areas, I consider “effective” a susceptibility class with a ratio larger than 1.5 or smaller
than 0.5, corresponding to a 50% increase or a 50% decrease from the expected proportion of
landslides in the susceptibility class.
It should be clear that all the proposed acceptance thresholds are not absolute, fixed
thresholds. The proposed limits were selected heuristically, based on the experience of the
investigators. The acceptance criteria need to be tested in other areas and by different
investigators. Depending on the geomorphological setting and the complexity of a study area,
other investigators may select different thresholds.
Lastly, I like to point out that the proposed framework for the evaluation of the quality of a
landslide susceptibility model considers the most relevant sources of errors in a statistically
based susceptibility assessment, but other factors resulting in errors that affect a susceptibility
assessment exist. These factors include: (i) imprecision and incompleteness in the landslide
information used to construct and test the susceptibility model (Carrara et al., 1992; Ardizzone
et al., 2002; Galli et al., 2005), (ii) quality, abundance, precision and completeness of the
thematic data used to obtain the susceptibility assessment (Carrara et al., 1992; 1999; Soeters
and van Westen, 1996), (iii) characteristics and limitations of the statistical technique used to
obtain the classification, including the experience of the investigator in applying the selected
statistical tools (Carrara et al., 1992; Michie et al., 1994), and (iv) selection of the appropriate
mapping unit (e.g., slope units, unique condition units, grid cells, etc., § 6.2.2) (Carrara et al.,
1995; Guzzetti et al., 1999a). All these factors require choices from the investigator, which
inevitably introduce uncertainty in the susceptibility assessment. The levels of uncertainty
introduced by the listed factors should also be established.
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6.6. Summary of achieved results
In this chapter, I have:
(a) Demonstrated that a large territory can be subdivided based on its propensity to generate
new or reactivated landslides, using reliable and reproducible methods.
(b) Shown how to validate the performances and prediction skills of a landslide susceptibility
forecasts.
(c) Proposed objective criteria for ranking and comparing the quality of landslide
susceptibility forecasts.
This responds to Question # 5 posed in the Introduction (§ 1.2).
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7. LANDSLIDE HAZARD ASSESSMENT
Nothing is more dangerous
than underestimating a hazard.
There are many good reasons
not to avoid hazards.

A hazard is the likelihood that a danger will materialize. A natural hazard is the hazard posed
by a potentially damaging natural event or process, such as an earthquake, flood, volcanic
eruption, snow avalanche, hurricane, ground subsidence or mass movement. Landslide hazard
refers to the potential for the occurrence of a damaging slope failure within a given area and in
a given period. To properly define landslide hazard, the magnitude, size, or dimension of the
expected failure must also be quantified, deterministically or in probabilistic terms, because
the “magnitude” of the event is linked to its destructive power. Landslide hazard is portrayed
on maps. A landslide hazard map partitions a territory based upon different levels of landslide
hazard (landslide hazard zoning). As it will become clear later, producing a single landslide
hazard map is problematic, as different hazard conditions (or probabilities) must be shown on
the same map. An ensemble of maps can be prepared to show landslide hazard, and displayed
in a GIS.
In this chapter, I first examine a definition of landslide hazard, I then introduce a probabilistic
model for landslide hazard assessment that fulfils the adopted definition, and I discuss known
problems with the given definition and limitations of the proposed probability model. Next, I
show three examples of the application of the proposed probability model for different types
of landslides and at different scales, from the catchment to the national scale. In the first
example, I illustrate an attempt to determine landslide hazard in the Staffora River basin (§
2.6), exploiting a detailed multi-temporal inventory map and thematic information on geoenvironmental factors associated with landslides. In the second example, I describe an attempt
to determine levels of landslide hazard in Italy, based on synoptic information on geology, soil
types and morphology, and an archive inventory of historical landslide events. In the third
example, I exploit a physically-based computer model capable to simulating rock falls for the
determination of rock fall hazard in south-eastern Umbria (§ 2.5).

7.1. Background and definitions
Physical scientists define a natural hazard either as the probability that a reasonably stable
condition may change abruptly (Scheidegger, 1994), or as the probability of occurrence of a
potentially damaging phenomenon within a given area and in a given period of time (Varnes
and the IAEG Commission on Landslides and other Mass-Movements, 1984). Vandine et al.
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(2004) define landslide hazard the estimate of the probability of occurrence of a specific
landslide and that the landslide being a threat to an element at risk, without considering the
effects or potential consequences.
The definition proposed by Varnes and the IAEG Commission on Landslides and other MassMovements, (1984) remains the most widely accepted definition for natural hazard and for
maps portraying its distribution over a region (IDNHR, 1987; Starosolszky and Melder, 1989;
Horlick-Jones et al., 1995; Murck et al., 1997). The definition incorporates – more or less
explicitly – the concepts of: (i) magnitude, (ii) geographical location, and (iii) time recurrence.
The first refers to the “size” or “intensity” of the natural phenomenon which conditions its
behaviour and destructive power. The second implies the ability to identify the place “where”
the phenomenon will occur or may develop. The third refers to the temporal frequency of the
event, i.e., the ability to predict “when” or how frequently the expected event will happen
(Guzzetti et al., 1999a).
Application of the given definition to the various natural hazards differs, making conceptual
and practical comparison and integration of hazard assessments difficult, if not impossible
(Guzzetti et al., 1999a; Natural Hazard Working Group, 2005). Without the ambition of
completeness, I now examine differences in the assessment of the hazard for some of the most
common natural hazards, namely: earthquakes, floods, volcanic eruptions and mass
movements. Traditionally, earthquake predictive models attempt to define hazard in terms of
magnitude – a quantitative measure of the energy released by a seismic event –, affected area,
and time recurrence. Ideally, earthquake hazard assessments largely fulfil the definition of
hazard previously mentioned. Unfortunately, scientists are generally unable to predict at the
same time and with the required accuracy where and when an earthquake will take place, and
how severe it will be. Amongst scientists there is a general consensus that with the present
state of knowledge the exact (or even approximate) time of an earthquake cannot be predicted.
Probabilistic Seismic Hazard Analysis is based on the statistical analysis of past earthquake
events. Despite some criticism, PSHA remains the most widely applied method to define
seismic risk (Castaños and Lomnitz, 2002; Bommer, 2003; Wang et al., 2003).
Despite the different meanings of the term “flood” (Baker, 1994), flood hazard evaluation
essentially consists in the temporal prediction of an extreme hydrological event of a given
magnitude (i.e., peak water flow or volume), whereas geographical location and spatial extent
of the potentially inundated areas are determined from other sources of information, such as
historical records and ground morphology. Estimates of the temporal occurrence of floods are
mainly obtained from probabilistic analysis of the historical records of water levels or
discharge measurements. For many gauging stations the record of measurements is short, and
extrapolation techniques are used to obtain estimates of flood levels or water discharge for
longer periods. Extrapolation inevitably introduces uncertainty in the hazard assessment.
Where catchments are small, establishing hazard from water flow measurements may not be
adequate (lack of warning time), or measurements may be completely lacking (“ungauged”
basins). In these areas, the temporal prediction of an extreme hydrological event is obtained by
studying measured, estimated, or forecasted rainfall. This undoubtedly introduces uncertainties
in the hazard assessment. The extent and location of the potentially inundated areas are
obtained from historical information and through the application of conceptual (simplified),
physically based flood models, assuming a detailed description of topography and an input
hydrograph. Accuracy of DTM and significance of the selected hydrograph are fundamental
for the quality and relevance of flood spatial hazard assessments.
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For volcanoes, the area affected by the eruption is implicitly defined in the analysis, i.e., the
same volcano, which is usually well known in space. Before or during an eruption, scenarios
are prepared to predict where individual or multiple lava flows or pyroclastic flows can travel
and at what speed. The areas potentially affected by ash falls can also be determined. Again,
these models (mostly physically based) are determined from external sources of information.
The temporal occurrence of an eruption is estimated assimilating geological and
volcanological knowledge, historical information and – most importantly – monitoring of
physical and chemical properties, at depth and on the surface, including topographic
deformations. The magnitude and destructiveness of an eruption depend largely on the type of
the volcano. It is established mostly heuristically through the analysis of past eruptions and the
recent behaviour of the investigated volcano.
For mass movements a conceptual confusion arises from the use of the same term “landslide”
to address both the landslide deposit (the failed mass) and the movement of slope material or
of an existing landslide mass (Bosi, 1978; Cruden, 1991; Guzzetti et al., 1999a). It is like
mistaking an earthquake with its ground effects, an eruption with the area affected by lava
flows or ash falls, or a river flood with the inundated area. Landslide predictive models most
commonly attempt to identify only “where” landslides may occur over a given region on the
basis of a set of relevant environmental characteristics. Such models do not directly
incorporate “time” and “magnitude”, i.e., size (Fell, 1994; Cardinali et al., 2002, Reichenbach
et al., 2005), speed (Cruden and Varnes, 1996), kinetic energy (Hsu, 1975; Sassa, 1988),
destructiveness (Hungr, 1997) or momentum of the failed mass. For this reason, these models
cannot be correctly defined as hazard models (§ 6). Predictive models of landslide movement
are generally confined to single slopes or individual small catchments (e.g., in the case of
debris flows) where detailed geotechnical site investigations attempt to assess when and to
what extent the slope-forming material, frequently an existing landslide deposit, will move.
Also in this case the term hazard is somewhat incorrect since the location of the phenomenon
under study is implicit, or derives from information acquired from other sources.
The wide spectrum of landslide phenomena (Figure 1.1) and the complexity and variability of
their interactions with the environment, both natural and human, make the acceptance of a
single definition of landslide hazard difficult. For example, very large and fast moving rock
avalanches are the most destructive and hazardous mass movements, but are relatively rare
events. Slow-moving, deep-seated failures rarely claim lives but can cause large property
damage. Fast-moving soil slips and debris flows cause widespread damage and casualties, and
are as frequent as their potential triggers (i.e., high intensity rainfall events). Rock falls,
despite their often small size, are among the most destructive mass movements, and a primary
cause of landslide fatalities in many areas. Each type of slope movement poses different
threats and may require a separate assessment, based on distinct definitions of landslide
hazard.
Recurrence, the expected time for the repetition of an event, is evaluated studying historical
records (§ 3.3.1, § 4.5) or multiple-temporal inventories (§ 3.3.4). Historical data are difficult
to obtain for single landslides or landslide prone areas. Despite the lack of consensus on the
reliability and usefulness of historic information, where historical information is available it
can be used for the temporal evaluation of landslide hazard at various scales (Guzzetti et al.,
1994; 2003; Ibsen and Brunsden, 1996; Cruden, 1997; Evans, 1997; Glade, 1998). Historical
records may be integrated with temporal data derived from dendrocronology and other dating
techniques which have been used by some investigators to date landslide deposits (Stout,
1977; DeGraff and Agard, 1984; Trustrum and De Rose, 1988; Fantucci and Sorriso-Valvo,
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1999; Lang et al., 1999; Stefanini, 2004). For first-time failures (Hutchinson, 1988) recurrence
is not applicable. First-time landslides occur at or close to peak strength values, whereas
reactivations occur between peak and residual conditions. Thus, first-time landslides provide
little information on the behaviour of reactivations. Additionally, each time a landslide occurs,
the topographic, geological and hydrological settings of the slope change, often dramatically,
giving rise to different conditions of instability (§ 6.3.1). These changes allow
geomorphologists to identify landslides and understand mechanisms and causes of failures, but
limit their ability to forecast new landslides of reactivations.
Finally, quantitative landslide hazard models predict the occurrence of future slope failures
under the general assumption that in any given area slope failures will occur in the future
under the same circumstances and because of the same conditions that caused them in the past.
I examined the problems encountered in adopting the principle that “the past is the key to the
future” when I introduced rationale for landslide mapping (§ 3.1) and when I discussed
landslide susceptibility assessment (§ 6.2.1, § 6.3.1). The same arguments apply to landslide
hazard evaluation.

7.2. Probabilistic model for landslide hazard assessment
In their well-known report, Varnes and the IAEG Commission on Landslides and other MassMovements (1984) proposed that the definition adopted by UNDRO for all natural hazards be
applied to mass movements. Landslide hazard is therefore “the probability of occurrence
within a specified period of time and within a given area of a potentially damaging
phenomenon”. Guzzetti et al. (1999a) amended the definition to include the magnitude of the
event. Hence, the definition becomes:
Landslide hazard is the probability of occurrence within a specified period and within
a given area of a landslide of a given magnitude.

(7.1)

For a landslide hazard forecast, the area and period for the prediction are simple to decide
(albeit difficult to know). Definition of magnitude is more difficult because, in contrast to
other natural hazards (e.g., earthquakes, volcanic eruptions, hurricanes), no unique measure of
landslide magnitude is available. For earthquakes, magnitude is a measure of the energy
released during an event ranked by the well known Richter scale, developed by Charles
Richter and Beno Gutenberg. For volcanic eruptions, the Volcanic Explosivity Index devised
by Christopher G. Newhall and Steve Self provides a relative measure (in 8 grades) of the
explosiveness of eruptions based on a number of things that can be observed during an
eruption. For hurricanes, the Saffir-Simpson scale measures the intensity of a hurricane in 5
grades, based on wind speed and atmospheric pressure, and gives an estimate of the potential
property damage and flooding expected from a hurricane landfall. For landslides a measure of
the energy released during failure is difficult to obtain. Malamud et al. (2004a) introduced a
landslide-event magnitude scale, based on the number of landslides triggered by a
meteorological or seismic event. Hungr (1997) proposed destructiveness to be a measure of
landslide magnitude. Raetzo et al. (2001) introduced an intensity scale for the magnitude of
the damage. Building on the latter definitions, Cardinali et al. (2002), Guzzetti (2004) and
Reichenbach et al. (2005) defined landslide destructiveness as a function of the landslide
volume and of the expected landslide velocity, the latter obtained from the landslide type. For
large regions, landslide volume and velocity are difficult to evaluate systematically, making
the approach impracticable. Alternatively, where slope failures are chiefly slow moving slides
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and slide earth-flows, destructiveness can be related to the area of the landslide, information
which is readily available from landslide inventory maps.
The definition of landslide hazard given in proposition 7.1 incorporates the concepts of
location, time and size. To complete a hazard assessment one has to predict “where” a
landslide will occur, “when”, or how frequently it will occur, and “how large” the landslide
will be. In mathematical terms, this can be written as:
HL=P[AL ≥ aL in a time interval t, given {morphology, lithology, structure, land
use,…}]

(7.2)

where, AL is the landslide area, measured e.g., in square meters. For any given area, equation
7.2 expresses landslide hazard as the conditional probability of landslide size, P(AL), of
landslide occurrence in an established period, P(NL), and of landslide spatial occurrence, S,
given the local environmental setting. Assuming independence among the three probabilities,
the landslide hazard, i.e., the joint probability is:
H L = P( AL ) × P( N L ) × S

(7.3)

In the previous chapters, I have shown how to obtain the three probabilities in equation 7.3.
The probability of landslide size can be estimated from the analysis of the frequency-area
distribution of known landslides (§ 5, and equations 5.3 and 5.4). The probability of landslide
occurrence in an established period can be estimated from the analysis of archive or multitemporal inventories, and can be quantified adopting a Poisson or a binomial distribution
model for the occurrence of the landslide events (§ 4.5, and equations 4.7 and 4.8).
Susceptibility, the spatial probability of landslide occurrence, can be obtained using a variety
of methods and techniques (§ 6.2). For probabilistic landslide hazard assessments,
susceptibility must be obtained with indirect, quantitative methods that provide numerical
(probabilistic) estimates of the spatial probability of landslide occurrence (§ 6.2.3).
The proposed probability model for landslide hazard relays on the same assumptions on which
landslide mapping (§ 3.1) and the three considered individual probability models are based
(see § 4.5, § 5.2, § 6.2.1). Failures to comply with one or all of the assumptions will affect the
reliability of the model and the relevance and applicability of the results. In § 7.3.5 I will
investigate the problems posed by each of the assumptions, including examples of how to
evaluate their impact on a landslide hazard assessment. In addition, independence between the
three probabilities is assumed. From a geomorphological point of view, this assumption is
strong and may not hold, always and everywhere. In many areas one may expect slope failures
to be more frequent (time component) where landslides are more abundant and landslide area
is large (spatial component). However, given the lack of understanding of landslide
phenomena, independence is an acceptable first approximation that makes the problem
mathematically tractable (Guzzetti et al., 2005a). The assumption of independence is a
simplification, and more complex models can be constructed using, e.g., Bayesian reasoning
or Copulae. However, these approaches require the investigator to know the marginal
probabilities. This is rather difficult, given the general lack of information on the statistics of
landslide size and on the temporal statistics of slope failures.
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7.3. Landslide hazard model for the Staffora River basin
In this section, I discuss a landslide hazard assessment prepared for the Staffora River basin, in
Lombardy Region. The hazard assessment was obtained by exploiting the thematic and
landslide information available for the study area and presented in § 2.6, and it relies on the
probabilistic landslide hazard model introduced in section § 7.2.
To ascertain landslide hazard, the territory of the Staffora River basin – which extends for 275
km2 – was partitioned into 2243 homogenous mapping units. For the purpose, the same
procedure used to partition the Upper Tiber River basin for landslide susceptibility assessment
(§ 6.4) was adopted. Starting from a DEM with a ground resolution of 20 m × 20 m, and a
geographically coherent simplified representation of the main drainage lines, the territory was
first subdivided into slope units (§ 6.2.2). The slope units were then further subdivided
according to the main rock types cropping out in the basin. The further partitioning, solved
problems of slope units characterized by rock types with different landslide abundance (i.e.,
different susceptibility). In this way, the study area was subdivided into 2243 geo-hydrological
units, which represent the mapping units used for the hazard assessment.
Most of the landslide information needed to ascertain landslide hazard was obtained from the
detailed multi-temporal landslide inventory map presented in § 2.6, which shows 3922
landslides, including 89 very old, relict mass movements. Figure 7.1 shows the multi-temporal
landslide inventory used for the analysis, and Table 7.1 summarizes statistics of the mapped
landslides, for different periods. In the following, I will exploit the temporal information on
landslides shown in the multi-temporal inventory to determine the temporal probability of
slope failure occurrence, and to verify the performance of the obtained landslide susceptibility
model.
Table 7.1 – Staffora River basin. Landslide descriptive statistics obtained from the available multitemporal inventory map shown in Figure 7.1. Percentage of landslide area (*) computed with respect to
the total area covered by landslides (A0–E2).

A0

very old (relict)

LANDSLIDES
Number
#
89

A1

older than 1955

1443

38.24

54.30

A2
B1
B2
C1
C2
D1
D2
E1
E2

1955 active
1955-1975
1975 active
1975-1980
1980 active
1980-1994
1994 active
1994-1999
1999 active

306
318
685
89
305
455
175
19
38

2.46
2.38
4.41
1.32
2.40
2.06
1.36
0.65
0.85

3.49
3.39
6.26
1.87
3.41
2.92
1.94
0.93
1.21

very old and older than 1955
very old to 1999 active
older than 1955 to 1999 active
1955 active to 1999 active
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34.72
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Figure 7.1 – Staffora River basin. Multi-temporal landslide inventory map used to ascertain landslide
hazard. Landslide inventory prepared through the interpretation of five sets of aerial photographs of
different dates (§ 2.6). Capital letters indicate the year of the aerial photographs used to compile the
inventory. F shows the entire multi-temporal inventory map, which includes relict and old slides
(shown in grey) identified in the 1955 aerial photographs. Characteristics of aerial photographs are: A;
18 July 1955, black and white, 1:33,000 scale. B; winter 1975, black and white, 1:15,000. C; summer
1980, colour, 1:22 000. D; summer 1994, black and white, 1:25,000. E; 22 June 1999, colour,
1:40,000.
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7.3.1. Probability of landslide size
To ascertain the probability of landslide size (a proxy for landslide magnitude), I selected the
multi-temporal inventory map covering the 45-year period from 1955 to 1999. This inventory
consists of 2390 landslides (A2–E2 in Table 7.1). The area of the individual landslides in the
inventory was obtained from the GIS. Care was taken to calculate the exact size of the
landslide, avoiding topological and graphical problems related to the presence of smaller
landslides inside larger mass movements. For convenience, the crown area and the deposit
were merged together, and the total landslide area was used in the analysis. Old and relict
mass movements were excluded from the analysis and only recent and active landslides were
used.
Figure 7.2.A shows the probability density of landslide area in the Staffora River basin. Two
estimates of the probability density are shown. I obtained the first estimate (blue solid line)
using the inverse Gamma distribution of Malamud et al. (2004a) (eq. 5.4), and I obtained the
second estimate (red dotted line) using the double-Pareto distribution of Stark and Hovius
(2001) (eq. 5.3).
103

104

105
A

106
10-3

102
1.0

103

104

105
B

0.1

10-4

10-5

10-5

10-6

10-6

10-7

10-7

10-8

10-9
100

Inverse Gamma

10-8

Double Pareto

1,000

10,000

Probability, P[ AL < aL ]

Probability density, p (m-2)

0.9
10-4

1 ha

0.8

100,000

Landslide Area, AL (m2)

0.2

0.7

0.3

0.6

0.4

0.5

0.5

0.4

0.6

0.3

0.7
2000 m2

0.2

0.8
0.9

0.1
10-9
106

106
0.0

Probability, P[ AL ≥ aL ]

102
10-3

0.0
100

1,000

10,000

100,000

1.0
106

Landslide Area, AL (m2)

Figure 7.2 – Probability density (A) and probability (B) of landslide area in the Staffora River basin.
Solid blue line is inverse gamma distribution (Malamud et al., 2004). Dotted red line is a double
Pareto distribution (Stark and Hovius, 2001). Error bars in A indicate the range between the 5th and
the 95th percentiles for the truncated inverse Gamma function.

With the available landslide dataset, the two probability distributions provide very similar
results and differ slightly only in the slope of the tails of the distributions (for inverse Gamma,
α+1 = 2.77, std. dev. = 0.08, for double Pareto, α+1 = 2.50, std. dev. = 0.05). Figure 7.2.B
shows the probability that a landslide will have an area smaller than a given size (left axis), or
the probability that a landslide will have an area that exceeds a given size (right axis). Figure
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7.2.B also shows the probability that a landslide in the Staffora River basin exceeds an area of
2000 m2 and an area of one hectare, which are found to be 0.75 and 0.15, respectively. These
values will be used to ascertain landslide hazards (Figure 7.7).

7.3.2. Probability of temporal landslide occurrence
To ascertain the temporal probability of landslide occurrence I selected the same multitemporal inventory map covering the 45-year period from 1955 to 1999, i.e., A2–E2 in Table
7.1. First, the number of landslide events in each mapping unit was counted in the GIS, and the
average rate of landslide events was established. Next, based on the past rate of landslide
occurrence, landslide recurrence (i.e., the expected time between successive failures) was
obtained for each mapping unit. Lastly, knowing the mean recurrence interval of landslides in
each mapping unit (from 1955 to 1999), assuming the rate of failures will remain the same for
the future, and adopting a Poisson probability model (eq. 4.7), the exceedance probability of
having one or more landslides in each mapping unit was computed.
Figure 7.3 shows the landslide temporal exceedance probability for different periods, from 5 to
50 years. As expected, the probability of having one or more slope failure increases with time.
Based on the historical record of landslides obtained from the multi-temporal inventory map,
after 50 years many slopes in the Staffora River basin have a high to very probability of
experiencing mass movements.

7.3.3. Spatial probability of landslides
I obtained landslide susceptibility for the Staffora River through discriminant analysis of 46
thematic variables, including morphology (24 variables derived from a 20 m × 20 m DEM),
lithology (14), structure (3) and land use (5). The percentage of the individual thematic
variables in each mapping unit was computed in a GIS and used as independent variable in the
statistical analysis. Very old landslides (A0 in Table 7.1) were excluded from the analysis, and
considered as additional explanatory variable describing rock strength.
A stepwise procedure was adopted to select the optimal landslide susceptibility model. Five
separate statistical models were prepared using the same set of environmental variables and
changing incrementally the landslide inventory map (Figure 7.4). The first model was
prepared using solely the recent and the active landslides identified in the 1955 aerial
photographs (A1-A2 in Table 7.1). The second model was obtained by adding the landslides
identified in the 1975 aerial photographs (A1-B2). The same procedure was repeated adding
the slope failures that were mapped in the 1980 (A1-C2), 1994 (A1-D2), and 1999 (A1-E2) aerial
photographs. At each step, a different estimate of the probability of spatial landslide
occurrence was obtained. The five susceptibility models were compared to establish statistical
strength and geomorphological significance. Finally, the model prepared using the entire set of
landslides inventoried in the period from 1954 to 1999 (A1-E2) was used to describe landslide
susceptibility.
Table 7.2 lists the 36 thematic variables entered in the landslide susceptibility model.
Variables strongly associated with the presence of landslides include slope (SLO_ANG2),
mapping unit area (SLO_AREA), drainage channel order (ORDER), drainage channel mean
slope (LNK_ANGKE), the presence of cultivated (SEM) and uncultivated areas (INC), and of
pasture (PRA). Like in the Upper Tiber River basin (Table 6.3), landslide susceptibility
increases with slope gradient to a threshold, above which it decreases (in Table 7.2 compare
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the SDFC of SLO_ANG and SLO_ANG2). The overall percentage of mapping units correctly
classified by the susceptibility model is 78.9% (Table 7.3).

Figure 7.3 – Exceedance probability of landslide occurrence in the Staffora River basin obtained
computing the mean recurrence interval of past landslide events from the multi-temporal inventory
(Figure 7.1). Shades of grey show exceedance probability for different periods: (A) 5 years, (B) 10
years, (C) 25 years, (D) 50 years. Square bracket indicates class limit is included; round bracket
indicates class limit is not included.
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Figure 7.4 – Staffora River basin. Landslide susceptibility models obtained through discriminant
analysis of the same set of independent thematic variables and changing the landslide inventory map
(dependent variable, Figure 7.1 and Table 7.1). (A) using landslides identified in the period A1–A2; (B)
using landslides in the period A1–B2; (C) using landslides in the period A1–C2; (D) using landslides in
the period A1–D2; (E) using landslides in the period A1–E2. Shades of grey indicate spatial probability,
in 5 classes. Square bracket indicates class limit is included; round bracket indicates class limit is not
included.
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Table 7.2 – Staffora River basin. Variables entered into the discriminant model as the best predictors of
the occurrence of landslides in the 2243 geo-hydrological mapping units in which the basin was
partitioned. Most important standardized discriminant function coefficients (SDFC) are shown in bold.
Negative or positive sign of the coefficients indicates variables contributing toward stability (red) or
instability (green), respectively.

Structure

Land use

Lithology

Morphology

VARIABLES DESCRIPTION
Drainage channel magnitude
Drainage channel order
Drainage channel length
Mapping unit area
Terrain unit micro-relief
Mapping unit mean elevation
Mapping unit mean slope angle
Mapping unit mean slope angle squared
Mapping unit mean slope angle standard deviation
Drainage channel mean slope
Mapping unit length standard deviation
Mapping unit slope (middle portion)
Concave profile down slope
Concave-convex profile
Convex-concave profile
Rectilinear slope profile
Complex slope profile
Recent alluvial deposit
Monte Vallassa sandstone
Ranzano sandstone
Scabiazza sandstone
Detritus
Monte Lumello marl
Rigoroso marl
Bosmenso marl
Monte Piano marl
Bare rock or soil
Dense forest
Woods
Uncultivated area
Pasture
Cultivated area
Bedding dipping into the slope

SDFC
MAGN
.124
ORDER
-.232
LINK_LEN -.119
SLO_AREA -.246
.139
R
.097
ELV_M
SLO_ANG -1.456
SLO_ANG2 1.265
ANG_STD
.190
LNK_ANG -.286
-.125
LEN_STD
.186
ANGLE2
CONV
.208
COV_COC
.051
COC_COV
.150
RET
-.048
CC
.200
ALLUVIO
.592
AR_BIS
.441
AR_R_M_P -.065
AR_SCA
-.063
DETRITO
-.099
.146
MR_AN_LO
.129
MR_B_R_C
.051
MR_BOSM
.122
MR_P_R_B
-.085
ALV
BD
.048
BMD
-.038
INC
-.281
PRA
-.222
SEM
-.277
.078
REG

Mapping unit facing N-NE

TR1

-.126

Mapping unit facing S-SW

TR3

-.053

FRA_OLD

-.053

Very old (relict) landslide (A0)

As discussed in § 6.5, Table 7.3 provides a measure of the “degree of fitting” of the
susceptibility model, i.e., of the ability of the model to predict the known distribution of (past)
landslides. However, the contingency table does not prove the ability of the susceptibility
model to predict the spatial occurrence of new (i.e., future) landslides. To obtain this, external
(independent) information is required. The availability of the multi-temporal inventory map
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allowed for a quantitative estimate of the prediction skill of the susceptibility model. To
accomplish this, the total area of new landslides (at the date of the photographs) in each
mapping unit was computed in the GIS. The obtained results were then compared with the
susceptibility zoning obtained by the different discriminant models. Figure 7.5 relates the
percentage of landslide area in each susceptibility class to the corresponding basin area, the
latter ranked from most (left) to least (right) susceptible.
Table 7.3 – Staffora River basin. Comparison between mapping units classified as stable or unstable by
the discriminant model (Figure 7.4) and mapping units free of and containing landslides in the
inventory map (Figure 7.1).

GROUP 1 GROUP 0

ACTUAL GROUPS
(INVENTORY)

PREDICTED GROUPS (MODEL)
GROUP 0
STABLE MAPPING UNITS

GROUP 1
UNSTABLE MAPPING UNITS

MAPPING UNITS FREE OF
LANDSLIDES IN INVENTORY MAP

69.0 %
(class 1)

31.0 %
(class 3)

MAPPING UNITS CONTAINING
LANDSLIDES IN INVENTORY MAP

15.0 %
(class 4)

85.0 %
(class 2)

Overall percentage of mapping units correctly classified is 78.9%.

In Figure 7.5 four curves are shown, which portray different information. The blue dashed line
and the green dotted line relate the percentage of landslide area used to prepare the model
(past landslides, A1-A2 for model A, and A1-B2 for model B) to the predicted susceptibility.
The continuous red line and the continuous violet line relate the cumulative percentage of
landslide occurred after the model was prepared to the model prediction. While the first two
curves (green and blue) measure model fit, the latter two curves (red and violet) provide a
quantitative measure of the model ability to predict future landslides geographically. As
expected, model fit (blue and violet lines) is better than model skill, which decreases with the
increase of the time span of the prediction.
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Figure 7.5 – Staffora River basin. Percentage of landslide area in each susceptibility class (y-axis) vs.
the corresponding basin area (x-axis), ranked from most (left) to least (right) susceptible.
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7.3.4. Hazard assessment
All the information needed to determine quantitatively landslide hazard in the Staffora River
basin is now available, and the probability model introduced in § 7.2 can be applied. Figure
7.6 shows the workflow.

DATA

MODELS

Environmental Thematic
Variables

RESULTS

Discriminant
Analysis

Susceptibility
assessment
(Figure 7.4)
“Where”

Poisson model

Exceedance
probability
(Figure 7.3)
“When”

Inverse Gamma
Double Pareto

Probability of
landslide area
(Figure 7.2)
“How large”

Multi-temporal landslide
inventory map

Landslide Hazard
Assessment
(Figure 7.7)

Figure 7.6 – Block diagram exemplifying the work flow adopted to determine landslide hazard.
Rectangles indicate input data. Diamonds indicate individual models, for landslide susceptibility, for
the temporal probability of landslides, and for landslide size. Ellipses indicate intermediate results.
Hexagon indicates the final result.

Summarizing: (i) I obtained the probability of landslide size, a proxy for landslide magnitude,
from the statistical analysis of the frequency-area distribution of the mapped landslides (eqs.
5.3 and 5.4, and Figure 7.2); (ii) I obtained the probability of landslide occurrence for
established periods by computing the mean recurrence interval between successive failures in
each mapping unit, and by adopting a Poisson probability model (equation 4.7, and Figure
7.3); and (iii) I obtained the spatial probability of slope failures (i.e., landslide susceptibility)
through discriminant analysis of 46 environmental variables (equations 6.1 and 6.12, and
Figure 7.4). Assuming independence, and multiplying the three probabilities, I obtain the
landslide hazard, i.e., the joint probability that a mapping unit will be affected by future
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landslides that exceed a given size, in a given time, and because of the local environmental
setting (§ 7.2, equation 7.3).
Figure 7.7 shows examples of the obtained landslide hazard assessment. The Figure portrays
landslide hazard for terrain units in the central part of the Staffora River basin for four periods
(5, 10, 25 and 50 years), and for two landslide sizes, greater or equal than 2000 m2 and greater
or equal than one hectare.

Figure 7.7 – Staffora River basin. Examples of landslide hazard maps for 4 periods, from 5 to 50 years,
and for two landslide sizes, AL ≥ 2000 m2 (A) and AL ≥ 1 ha (B). Colours show different joint
probabilities of landslide size, of landslide temporal occurrence, and of landslide spatial occurrence.

7.3.5. Discussion
I now attempt a general discussion of the problems encountered and the results obtained in the
assessment of landslide hazard in the Staffora River basin. Most importantly, I examine the
validity of the assumptions under which the hazard assessment holds (§ 3.1, § 4.5, § 5.2, §
6.2.1). The discussion focuses on the experiment conducted in the Staffora River basin, but the
framework and most of the conclusions are general, and applicable to other cases.
The obtained landslide hazard model holds under a set of assumptions, namely: (i) landslides
will occur in the future under the same circumstances and because of the same factors that
produced them in the past, (ii) landslide events are independent (uncorrelated) random events
in time, (iii) the mean recurrence of slope failures will remain the same in the future as it was
observed in the past, (iv) the statistics of landslide area are correct and will not change in the
future, (v) landslide area is a reasonable proxy for landslide magnitude, and (vi) the
probability of landslide size, the probability of landslide occurrence for established periods,
and the spatial probability of slope failures, are independent.
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That slope failures will occur in the future under the same conditions and because of the same
factors that triggered them in the past is a recognized postulate for all functional (statistically
based) susceptibility assessments (see § 6.2.1 and 6.4.1 for a discussion). As for the Upper
Tiber River basin (§ 6.4), the main difficulty with this assumptions is that the environmental
conditions (predisposing factors) that caused landslides “must remain the same in the future”
in order to cause similar slope failures. It is reasonable to established (assume) a validity of the
hazard model for the Staffora River basin of 50 years, approximately equivalent to the length
of the period covered by the multi-temporal inventory used to establish landslide recurrence.
Hence, the problem is that of investigating the possibility that the predisposing factors will
change in the next 50 years, changing landslide susceptibility.
It is safe to assume that geological factors (e.g., lithology, structure, seismicity) will not
change (significantly) in such a short geological time. Local morphological modifications can
occur in the period due to stream erosion, landslides and human actions, but extensive
morphological changes are not reasonably foreseeable. If significant changes should occur, the
susceptibility model should be rejected or revaluated. Inspection of Table 7.2 reveals that 30
of the 36 thematic variables entered into the susceptibility model are not expected to change
significantly in the considered period. However, variables describing land use types may
change, locally significantly, and changes in land use are known to affect landslide frequency
and abundance (Guthrie, 2002; Glade, 2003). Quantitative estimates of land use change are not
available for the Staffora River basin, although they could be obtained by interpreting and
comparing the available sets of aerial photographs. Qualitative estimates indicate a reduction
of about 25% of the forest coverage in the period from 1955 to 1999, in favour of cultivated
land. In the same period, agricultural practices have changed, largely aided by powerful
mechanical equipments. If land use will change considerably in the Staffora River basin, the
role of some the environmental variables considered in the susceptibility model will also
change, hampering the validity of the model. A new model should be prepared, considering
variables showing areas of land use change.
The adopted susceptibility model does not consider the landslide triggering factors, i.e.,
rainfall, seismic shaking or snow melting. Changes in the frequency or intensity of the driving
forces will not affect (at least not in the considered period) the susceptibility model. However,
the changes may affect the rate of occurrence of landslide events.
In the Apennines, evidence exists that where abundant clay, marl and sandstone crop out
landslides exhibit spatial persistence, i.e., landslides occur more abundantly where they
occurred in the past (Cardinali et al., 2000, § 4.4). If this is the case for the Staffora River
basin, the assumption that landslide events are uncorrelated random events in time may be
violated. Analysis in a GIS of the multi-temporal inventory reveals that 40% of all the
landslides identified in the period from 1955 to 1999 (A2–E2 in Table 7.2) occurred inside
landslide areas mapped on the 1955 aerial photographs (A0–A1). Considering only the 2390
landslides occurred in the 45-year period from 1955 to 1999 (A2–E2), 12% of the slope failures
occurred in the same area of other landslides occurred in the same period. For the Staffora
River basin, an archive inventory of historical landslide events covering the period from 1850
to 1998 is available. Analysis of the information listed in this inventory indicates that 389
landslide events occurred at 332 different sites, with only 38 sites affected two or more times.
The same landslide site was affected on average 1.2 times, indicating a low rate of recurrence
of events at the same site. All this concurs to establish that for the period of the hazard
assessment (i.e., 50 years) in the Staffora River basin landslides can be considered
uncorrelated random events in time.
174

Landslide Hazard Assessment
Analysis of the archive inventory provides information also on the triggering mechanisms of
the slope failures. Of the 248 landslide events listed in the catalogue for which the triggering
mechanism is known, 210 (84.7%) were the result of intense rainfall, 16 (6.5%) to a
combination of intense rainfall and snow melting, infiltration, irrigation or broken pipes, 14
(5.6%) to erosion at the base of the slope, and eight (3.2%) to other causes. The analysis
indicates that most of the landslides in the Staffora River basin are rainfall induced. If the rate
of occurrence of the meteorological events that trigger landslides changes, the mean rate of
slope failures will also change. If the intensity (amplitude and duration) of the rainfall will
change, the rate of slope failures might change, in a way that is not predictable. For the
coming decades, south of the Alps models of global climate change forecast the same total
amount of yearly rainfall concentrated in a fewer number of high intensity events (Bradley et
al., 1987; Brunetti et al., 2000; Easterling et al., 2000; IPCC, 2001). This may result in more
abundant shallow landslides and in less frequent deep-seated slope failures (Buma and Dehn,
1998; Dehn and Buma, 1999). Modifications in land use induced by changes in agricultural
practices may also locally change the rate of occurrence of landslides.
As I have shown in § 5, determining the statistics of landslide area is no trivial task (Guzzetti
et al., 2002b; Malamud et al., 2004a). The (scant) available literature (Stark and Hovius, 2001;
Guzzetti et al., 2002b; Guthrie and Evans, 2004a,b; Malamud et al., 2004a,b) seems to
indicate that the frequency-area statistics of landslide areas does not change significantly
across lithological or physiographical boundaries. Malamud et al. (2004a) showed that three
different populations of landslides produced by different triggers (i.e., seismic shaking, intense
rainfall, rapid snow melting) in different physiographical regions (southern California, central
America, central Italy), exhibit virtually identical probability density functions. Data available
for Umbria indicates that the probability density of landslide area does not change
significantly with time. It is therefore safe to assume that in the Staffora River basin the
frequency-area statistics of landslide area will not change in the period considered for the
hazard assessment. It is also justified to use a single probability density function for the entire
basin.
Hungr (1997) argued that no unique measure of landslide magnitude is available, and
proposed to adopt destructiveness as a measure of landslide magnitude. In the Staffora River
basin, landslide area was taken as a proxy for landslide destructiveness and of landslide
magnitude. The area of the individual landslides was obtained in a GIS from the multitemporal inventory. However, it is not established in the Staffora River basin that landslide
area is necessarily a good measure of landslide destructiveness. Analysis of the archive
inventory reveals that information on the size (area, length and width) of landslides is
available for 26 events (6.7%), which range from 600 m2 to 0.6 km2 (mean = 5.8 ha, std. dev.
= 13.5 ha). Damage caused by these landslides was mostly to the roads and subordinately to
private homes and to the aqueduct. Information on landslide type is available for 28 events
(7.2%), of which 15 were slides, 6 flows and 5 falls. Slides and flows caused the most severe
damage, and falls produced only minor, temporary interruptions along the roads. Information
on landslide velocity is available for five events, and ranges from 10 cm/h to 1 m/day. The
ensemble of the historical information on damaging slope failures indicates that damage in the
Staffora River basin is caused mostly by slow to rapid moving slides and flows (i.e., the type
of failures considered in the hazard assessment), and that large landslides tend to produce
larger damage.
The last assumption of the proposed model is that the probabilities of landslide size, of
temporal occurrence, and of spatial incidence of mass movements are all independent. The
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legitimacy of this assumption is difficult to prove. As previously shown, in the Staffora River
basin the probability of landslide area is largely independent from the physiographical setting.
Hence, the probability of landslide area is independent from landslide susceptibility. The
susceptibility model was constructed without considering the driving forces (meteorological or
others) that control the rate of occurrence of slope failures in the basin. Thus, the rate of
landslide events is largely independent from landslide susceptibility. Lastly, analysis of the
information listed in the archive inventory revealed that slope failures occurred in all sizes,
indicating that the rate of failures is independent from landslide size. Finally, the hazard model
has produced many hazard maps, one for any of the many possible landslide scenarios (e.g.,
different landslide sizes, different return periods, etc.). How to combine this large number of
maps into a single product useful to decision makers remains an open problem (§ 9.4).

7.4. Assessment of landslide hazard at the national scale
Establishing the level of landslide hazard for an entire nation is a difficult task, and only a few
– largely empirical – attempts have been pursued (e.g., Radbruch-Hall et al., 1982; Brabb et
al., 1999). The main difficulty of such attempts lies in the scant availability of relevant
information for territories extending for hundreds of thousands of square kilometres. In Italy,
relevant information is available to attempt a quantitative assessment of landslide hazard using
a modified version of the probability model presented in § 7.2. The model requires three
probability estimates, namely: (i) of the spatial probability of landslides (i.e., susceptibility),
(ii) of the temporal occurrence of landslides, and (iii) of the magnitude (or the destructiveness)
of the expected landslide event. Preliminary to the definition of landslide hazard is the
selection of an appropriate mapping unit. For this experiment, the municipality (an
administrative and political subdivision, § 6.2.2) is selected as the terrain partitioning unit.
Italy is divided into 8102 municipalities, ranging in size from 1285 km2 (Rome) to 0.11 km2
(Atrani, Campania) (mean area = 37.3 km2, mode = 26.25 km2, std. dev. = 50.00 km2).

7.4.1. Spatial probability of landslide events
Landslide susceptibility in each municipality was ascertained through discriminant analysis of
independent thematic variables describing morphometry, hydrology, lithology and soil types
(§ 2.1). Morphometric and hydrological variables were obtained in a raster GIS from the 90 m
× 90 m DEM acquired by the Shuttle Radar Topography Mission (SRTM) in February of
2000. Lithological information was obtained from a synoptic geological map published by
Compagnoni and his collaborators, in the period from 1976 to 1983. For the statistical
analysis, the large number of rock units shown in the synoptic geological map (145 units) was
grouped into 20 lithological types. Similarly, the 34 soil types shown in the synoptic soil map
of Mancini (1966) were grouped into 8 classes of soil thickness and 11 classes of soil parent
material. As a dependent variable, the presence/absence of historical landslide events listed in
the archive inventory of the AVI project (see § 3.3.1.1) was used. Figure 7.8 shows the result
of the susceptibility assessment.

7.4.2. Probability of event occurrence
To establish the recurrence of the landslide events, and to estimate the probability of landslide
occurrence in an established period, the archive inventory compiled by the AVI project was
used (§ 3.3.1.1). This inventory lists 22,547 landslide events in the period between 1900 and
2001. In each municipality, the average recurrence of landslide events was obtained dividing
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the total number of events listed in the historical catalogue (from 0 to 353) by the time span of
the investigated period (102 years, from 1900 to 2001). Assuming that the recurrence of
landslides will remain the same for the future and adopting a Poisson probability model (§
4.5), the exceedance probability of having one or more damaging landslide event in each
municipality was established for different periods, from 5 to 100 years.

Figure 7.8 – Landslide susceptibility map of Italy, obtained through discriminant analysis of
morphometric, hydrological, lithological and soil information. Mapping unit is the municipality.
Probability of landslide spatial occurrence shown in 20 classes, from low (dark green) to high (dark
blue).

7.4.3. Probability of the consequences
The probability model of landslide hazard requires an estimate of the magnitude of the
expected events. No direct information on the statistics of the magnitude of landslides is
available for Italy. In the archive inventory, the size (length, area, volume) or the velocity of
the slope failures is known for a small number of events, preventing the use of these
parameters as proxies of landslide magnitude. Salvati et al. (2003) compiled a catalogue of
historical landslide (ad flood) events that resulted in deaths, missing persons, injuries and
homelessness in the period from AD 1279 to 2002. Guzzetti et al. (2005b,c) used this
catalogue to study the consequences of the damaging landslide events, including a quantitative
estimate of societal risk (§ 8.3.1.2). Societal risk was obtained through the analysis of the
frequency statistics of historical landslides with human consequences. The latter is a
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quantitative measure of the destructiveness to the population caused by landslide events, and
can be conveniently used as a proxy for landslide magnitude.

7.4.4. Hazard assessment and discussion
The information needed to establish landslide hazard is now available. To define the hazard
the proposition given in equation 7.2 has to be slightly modified. Here, I define landslide
hazard (at the national scale) as:
HL=P[P(C) ≥ 1 in a time interval t, given {morphology, lithology, soil types,…}]

(7.4)

where, PC is the probability of the consequences of a landslide event, measured by the number
of fatalities caused by the event. For any given municipality, equation 7.4 expresses landslide
hazard has the conditional probability of landslide damage to the population, P(C), of
landslide occurrence in an established period t, P(NL), and of landslide spatial occurrence (S),
given the local environmental setting. Assuming independence, the landslide hazard, i.e., the
joint probability, is:
H L = P( C ) × P( N L ) × S

(7.5)

where, the probability of landslide damage to the population was obtained from the catalogue
of landslides with human consequences, the probability of landslide events occurrence was
established from the archive inventory of landslide events in Italy, and the probability of
landslide events spatial occurrence was obtained though discriminant analysis of
morphometric, hydrological, lithological and soil information. Figure 7.9 shows schematically
how landslide hazard was obtained.
To establish susceptibility, the presence / absence of historical events in each municipality was
selected as the dependent variable. Clearly, local incompleteness in the archive inventory or
errors in positioning historical landslide events affect the susceptibility model. Also, the
abundance of historical events in each municipality was not considered in the susceptibility
model. The independent variables were selected mostly from two thematic layers (the synoptic
geological and soil maps) and a DEM. The relationship between this information and the
location of historical landslide events in the municipalities was not established independently.
Additional independent variables were obtained from the archive landslide inventory,
including the density of the events (i.e., number of events in the municipality / area of the
municipality). However, the percentage of the municipality that could be affected by
landslides was not considered when computing the density. Land use and its changes, which
are known to affect landslides, were not considered in the model, as were not considered
changes in the population and its density distribution.
To establish the recurrence of landslide events in each municipality, the archive inventory of
landslide events in Italy was used (§ 3.3.1.1). Incompleteness in this catalogue will affect the
probability of landslide events and the hazard model. To establish the probability of the
consequences, the catalogue of landslides which resulted in deaths, missing persons, injured
and homeless people, was used. Incompleteness of this catalogue will affect the probability of
the consequences and the final hazard model. Also, independence between the historical
landslide events and the events with consequences to the population has not been established.

178

Landslide Hazard Assessment

Figure 7.9 – Schematic representation of the procedure adopted to evaluate landslide hazard at the
national scale, in Italy.

As in the case of the Staffora River basin (§ 7.3), the hazard model has produced (or can
produce) many different hazard maps, one for any of the several possible landslide scenarios
(e.g., different expected number of fatalities, different return periods, etc.). How to combine
the large number of maps into a product useful to decision makers remains an open problem (§
9.4).
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The obtained assessment is the first quantitative and reproducible estimate of landslide hazard
available for Italy, at the national (synoptic) scale. The model is functional (i.e., statistical),
and its quality depends (almost) entirely on the quality, completeness and relevance of the
input data. Most vitally, the validity and limitations of the basic assumptions on which the
probabilistic model was developed were not proven for this national hazard assessment. This
is not an easy task that requires further investigation.

7.5. Rock fall hazard assessment along the Nera and Corno valleys
Rock fall is a common-place geomorphological process and represents a major hazard in
mountain areas worldwide (Whalley, 1984; Flageollet and Weber, 1996). Rock falls range in
size from small cobbles to large boulders of hundreds of cubic meters, travel at speeds ranging
from few to tens of meters per second, and for long distances from the detachment zone to the
deposition area (Cruden and Varnes, 1996). Despite their often relatively small size, rock falls
are among the most destructive mass movements (Whalley, 1984; Rochet, 1987, Evans and
Hungr, 1993; Evans, 1997), and in Italy they represent a primary cause of landslide fatalities
(Guzzetti, 2000; Guzzetti et al., 2005c).
The size and speed of rock falls, and their ability to travel long distances (exceeding one
kilometre) makes the previously discussed methods to ascertain landslide hazard largely
unsuitable to rock falls. In particular, it is the subdivision of terrain based on slope units or
geo-hydrological units that is largely incompatible with this landslide type. A boulder
detached from a rock cliff can travel across geo-hydrological or slope unit boundaries. Rock
fall susceptibility and hazard are not related only to where rock falls occur (i.e., where they
detach), but also to where rock falls travel and deposit. For rock falls, quantitative measures of
their magnitude are possible. Knowing the mass of the falling boulder (i.e., the volume × the
rock density) and its velocity, kinetic or potential energy can be easily computed, which
represent a direct measure of the magnitude of the event, a good proxy for destructiveness. If
the size of the boulder is undetermined, velocity can be selected as a reasonable proxy for
magnitude.
In the following, I describe a quantitative attempt to determine rock fall hazard along the Nera
River and the Corno River valleys, in south eastern Umbria (§ 2.5). The attempt is based on
the use of the computer programme STONE (Guzzetti et al., 2002), which I briefly describe
below..

7.5.1. The computer program STONE
To assess rock fall hazard, knowledge on the spatial (geographical) distribution of the
expected rock falls is essential. To obtain this information, I contributed to develop STONE
(Guzzetti et al., 2002), a computer program capable of simulating rock fall processes in threedimensions. STONE uses a lumped-mass approach to simulate rock fall processes. The falling
boulder is considered dimensionless and a kinematic simulation is performed. The input data
required by STONE include: (i) the location of the detachment areas of rock falls, (ii) the
number of boulders launched from each detachment area, (iii) the starting velocity and
horizontal angle of the rock fall, (iv) a velocity threshold below which a boulder stops, (v) a
DEM describing topography, and (vi) the coefficients of dynamic rolling friction, and of
normal and tangential energy restitution used to simulate the loss of energy where the boulder
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is rolling and at the impact points. The latter variables are provided as raster maps, i.e., in a
spatially distributed format.
STONE is capable of coping with the uncertainty and the inherent variability in the required
input data. The software accomplishes this in two ways: (i) by launching a variable number of
blocks from each detachment cell, and (ii) by varying randomly the starting horizontal angle,
the dynamic rolling friction coefficient, and the normal and tangential energy restitution
coefficients. The software uses GIS technology to produce 2- and 3-dimensional rock fall
trajectory lines and raster maps. The latter include three grids portraying: (i) the cumulative
count of rock fall trajectories that pass through each cell, (ii) the maximum computed velocity,
and (iii) the largest distance of the boulder to the ground computed along the rock fall
trajectories (flying height) (Guzzetti et al., 2002). The three grid maps can be used to attempt
to ascertain rock fall hazard.

7.5.2. Application of the rock fall simulation model
I used the computer program STONE in a 48 km2 area along the Nera River and the Corno
River valleys centred on the town of Triponzo (§ 2.5). In this area rock falls are frequent and
dangerous. In the 1980’s, a new tunnel was constructed along State Road 320 to bypass the
Balza Tagliata gorge, east of Triponzo, where rock falls were particularly frequent and
hazardous, and a section of the road was abandoned. In October 1997, earthquake shaking
triggered several rock falls in the study area. The earthquake induced landslides were
particularly abundant along the Balza Tagliata gorge (§ 3.3.3.3).
Data used by STONE to complete the spatially-distributed rock fall simulation were described
in § 2.5, and were obtained from: (i) existing topographic and geological maps, (ii) the
interpretation of two sets of aerial photographs flown in July 1977 and in October-November
1997, and (iii) field surveys. A DEM with a ground resolution of 5 m × 5 m was obtained by
interpolating 10 and 5 meter interval contour lines obtained from the 1:10,000 scale base
maps. The source areas of rock falls were mapped on the same topographic maps at 1:10,000
scale from vertical aerial photographs at 1:13,000 and 1:20,000 scale, and then checked in the
field. Oblique aerial photographs taken with a handheld camera from a helicopter immediately
after the September-October 1997 earthquakes (§ 3.3.3.3) were used to refine the mapping
locally. Minor rock slopes and road cuts from which rock falls can occur were mapped in the
field. A total of 2.0 km2 of rock fall source areas were identified. This corresponds to about
4.2% of the study area. Correcting for the steep topographic gradient, rock fall detachment
areas extend for approximately 3.0 km2.
Variables controlling the loss of energy at impact points (normal and tangential energy
restitution coefficients) and where a boulder is rolling (dynamic friction angle) were obtained
by recoding a surface geology and landslide inventory map prepared by updating the existing
large-scale geological and landslide maps, mostly through the analysis of aerial photographs
(Antonini et al., 2002a, b). For each lithological unit cropping out in the study area, values of
the dynamic friction angle and of the normal and tangential energy restitution coefficients
were obtained from the literature (Broili, 1973; ERM-Hong Kong, 1998; Fornaro et al., 1990,
Azzoni et al., 1995; Crosta and Agliardi, 2000; Chau et al., 2003) and from the personal
experience in the use of the computer program STONE. Table 7.4 summarizes the values of
the dynamic rolling friction angle, and the normal and tangential energy restitution coefficients
assigned to each terrain type.
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Definition of the values shown in Table 7.4 was inevitably heuristic, and to some extent
arbitrary. Where bedrock crops out, and in the source area of rock falls, boulders do not loose
much energy at impact point and where rolling. To these areas are assigned high values of the
normal (55-65) and tangential (65-75) energy restitution coefficients, and low values of the
dynamic rolling friction angle (0.25-0.40). The ranges of values reflect variations in the rock
types. Massive and thickly layered limestone is assigned very high values of the energy
restitution coefficients and very small values of the dynamic rolling angle. Thinly bedded
limestone, marl and clay are assigned intermediate values of the normal and tangential
restitution coefficients and larger values of the dynamic rolling angle. Field surveys revealed
that only few boulders reached the areas where alluvial deposits crop out along the valley
bottoms. Where this occurred, the boulders did not travel far. Based on this finding, alluvial
deposits are assigned very low values of the normal (15) and tangential (30) energy restitution
coefficients, and a very high value of the dynamic rolling friction angle (0.80). To the other
terrain types are assigned intermediate values of the normal and tangential energy restitution
coefficients and of the dynamic rolling friction angle, based on the hardness and the roughness
of the topographic surface.
Table 7.4 – Nera River and the Corno River valleys. Values of the dynamic-rolling friction angle and
of the normal and tangential energy restitution coefficients assigned to each terrain type. A range of ±
5% of the value was adopted to account for uncertainty in the coefficients.
TERRAIN TYPE
Alluvial deposit
Alluvial fan
Debris cone
Debris deposit
Shallow debris deposit
Talus
Landslide deposit
Landslide crown area
Debris flow deposit
Debris flow source area
Massive and thickly layered limestone, and Travertine
Rock fall source area in massive and thickly layered limestone,
and Travertine deposit
Thinly bedded limestone, cherty limestone
Rock fall source area in thinly bedded, cherty limestone
Marly limestone, marl and clay
Rock fall source area in marly limestone, marl and clay

ROLLING
FRICTION
VALUE

NORMAL
RESTITUTION
VALUE

TANGENTIAL
RESTITUTION
VALUE

0.80
0.60
0.60
0.70
0.70
0.65
0.40
0.35
0.65
0.55
0.30

15
25
30
35
35
35
45
55
30
35
65

30
55
50
55
60
55
55
65
55
60
75

0.25

65

75

0.35
0.30
0.40
0.35

60
60
55
55

70
70
65
65

The spatially distributed rock fall model for the Nera River and the Corno River valleys is the
result of an iterative procedure. A preliminary model was produced by launching a single
(“virtual”) boulder from each rock fall source cell. The map of the rock fall count was visually
inspected and checked with the location of known rock falls and the extent of talus, landslide
and other debris deposits. Model variables were adjusted to avoid unreasonable results. The
process was repeated a number of times, changing the model parameters and the initial
conditions (i.e., the starting velocity, the impact and friction coefficients, etc.) until the result
was judged satisfactory. A second model was then produced by launching 30 boulders from
each source cell, and by allowing the model variables to vary randomly within five percent of
the pre-defined average values (Table 7.4). This allowed considering the effects of the
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variability of the rock fall process and the unpredictability in the modelling variables. Finally,
the number of rock falls launched from each detachment cell was varied according to the rock
type of the source area. In particular, where massive or thickly layered limestone and
travertine deposits crop out, 50 blocks were launched, where thinly bedded limestone and
cherty limestone crop out 45 boulders were launched, and where thinly bedded marly
limestone, marl and clay crop out 35 boulders were launched.
Figure 7.10.A shows the resulting map of the cumulative count of the expected rock fall
trajectories, and Figure 7.11 shows a 3-dimensional view of a portion of the same map. In the
two figures, the spread of colours indicates a variable number of expected rock falls, from very
few (1-10, green) to numerous (> 500, dark violet).

Figure 7.10 – Rock fall maps produced by STONE for the Nera River and the Corno River valleys. (A)
cumulative count of rock fall trajectories; 1) 1-10 blocks, 2) 11-100 blocks, 3) 101-250 blocks, 4) 251500 blocks, 5) > 500 blocks. (B) map of the maximum rock fall flying height; 1) < 1m, 2) 1-5 m, 3) 510 m, 4) 10-30 m, 5) > 30 m. (C) map of the maximum rock fall velocity; 1) < 1.5-25 km/h, 2) 25-40
km/h, 3) 40-70 km/h, 4) 70-115 km/h, 5) > 115 km/h.

As expected, the frequency of rock falls is not the same throughout the study area. Rock falls
are most abundant along steep channels and drainage lines, confirming the field observation
that topography locally controls rock fall trajectories. The map of the count of the expected
rock falls can be compared with the extent of the talus, landslides, and other debris deposits,
and with the location of rock falls triggered by the 1997 earthquake sequence (§ 3.3.3.3).
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Comparison with the extent of talus deposits reveals that only at few places the map of the
rock fall count exceeds down-slope the extent of the talus deposits. In places this occurs where
the lower limit of the talus corresponds to the flat part of the valley bottom. Comparison with
the location of the earthquake-induced failures reveals that the extent of the expected rock fall
areas and the frequency of rock fall trajectories are in good agreement with the available
information on known rock fall events. Of the 109 known rock fall deposits, 98 (89.9%) are
located in areas where rock falls are expected, and 11 (10.1%) occur in areas where rock falls
are not expected. This is an efficient form of model validation. A final model validation was
performed by randomly inspecting the distribution of the vertical distance of the rock fall
trajectories (Figure 7.10.B) (flying height, i.e., the distance of the boulder to the ground) and
of the rock fall maximum velocity (Figure 7.10.C). Results indicate that the computed rock fall
velocity locally exceeds 250 km·h-1 and the computed rock fall flying height ranges from zero,
where boulders are rolling, to more that 165 metres above the ground, near high cliffs.

Figure 7.11 – Triponzo area, along the Nera River and the Corno River valleys. Three-dimensional
view of a portion of the grid map showing the count of rock fall trajectories (Figure 7.10.A). Colours
indicate increasing number of rock fall trajectories, from few (light blue) to very many (dark violet).

7.5.3. Rock fall hazard assessment
The three raster maps produced by STONE and discussed before can be used to ascertain rock
fall hazard along the Nera River and the Corno River valleys. The map showing the total
number of rock fall trajectories (Figure 7.10.A) can be considered a convenient proxy for the
expected frequency of rock fall occurrence. For each grid cell the count of rock fall trajectories
is a proxy for the probability of being struck by a falling or rolling boulder. The larger the
number of computed trajectories, the higher the expected frequency of rock fall occurrence.
Maps of the largest distance to the ground (Figure 7.10.B) and of the highest computed
velocity (Figure 7.10.C) provide information on the intensity of the expected rock fall, a proxy
for the maximum kinetic energy at each grid cell (Guzzetti et al., 2002).
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To determine rock fall hazard, I adopt a heuristic approach. I assume that rock fall hazard,
HRF, is a linear combination of rock fall count (c), maximum rock fall flying height (h), and
maximum rock fall velocity (v), or
HRF = f (cRF, hRF, vRF)

(7.6)

Levels of rock fall hazard are attributed using a three-digit positional index, similar to that
proposed by Cardinali et al. (2002) (§ 8.4.6, § 8.4.8). In the index, the left digit refers to the
rock fall count (cRF), the central digit to the rock fall flying height (hRF), and the right digit to
the rock fall velocity (vRF). The index expresses rock fall hazard by keeping the three
components of the hazard distinct from one another. This facilitates hazard zoning by allowing
to understand whether the hazard results from a large number of expected rock falls (i.e., high
frequency), a large intensity (i.e., high flying height or high velocity), or some combination of
the three.
Figure 7.12 shows the final rock fall hazard map for the Nera River and the Corno River
valleys. For display purposes, the original 125 rock fall hazard classes (5 classes of rock fall
counts × 5 classes of rock fall flying height × 5 classes of rock fall velocity) were reduced into
a more manageable number of classes (5), adopting a simple scheme.

Figure 7.12 – Rock fall hazard map for the Nera River and the Corno River valleys. Legend: VL, very
low hazard, L, low hazard, M, intermediate hazard, H, high hazard, VH, very high hazard.

Analysis of the hazard map reveals that 7.0 km2 (in plan view) of the study area may be
affected by rock falls. This corresponds to 14.6% of the area, including 2.0 km2 of rock fall
detachment zones. Correcting for the steep topographic gradient (obtained from the DEM), the
area affected by rock falls extends for about 9.5 km2. Inspection of Figure 7.12 reveals that
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rock fall hazard is not distributed uniformly. About 3.4 km2 of the study area (in plan view)
are subject to low (25.5%) or very low (23.0%) hazard, 1.5 km2 (22.2%) are subject to
intermediate hazard conditions, and 2.0 km2 are subject to high (15.3%) or very high (14.0%)
hazard.
By overlaying the rock fall hazard map with the map of the transportation network in a GIS,
the sections of the roads potentially subject to rock falls can be identified. Of the 31.8 km of
paved roads in the study area, 9.0 km (28.5%) are found to be potentially affected by rock fall
hazard.
Comparison of the hazard map with the location of the earthquake-induced rock fall events in
1997 reveals that 72.5% of the seismically induced rock falls occurred in areas where the
hazard is expected to be moderate to high or very high, and 17.4% in areas where rock fall
hazard is expected to be low or very low. The remaining 10.1% of the earthquake induced
failures occurred in areas where rock falls are not forecasted by the model. The latter, are
largely due to minor inconsistencies in the DEM used to perform the simulation.
Immediately after the earthquakes of September-October 1997, the Government of Umbria
and the National Road Company (ANAS) invested considerable resources to install defensive
measures to mitigate rock fall hazard and risk along the Nera River and the Corno River
valleys. Four types of defensive measures were installed: (i) passive revetment nets, (ii) elastic
rock fences, (iii) concrete retaining walls, and (iv) artificial tunnels. The remedial
measurements were taken without considering the hazard assessment discussed here. Also, the
rock fall hazard assessment shown in Figure 7.12 does not consider the presence of the
defensive measures. Hence, the model locally overestimates the hazard and the associated risk.
To determine the mitigating effects of existing defensive structures, I now perform a set of
three additional simulations. The first simulation (Model 2, Table 7.5) considers the presence
of the passive revetment nets. The areas where passive revetment nets were installed were
mapped in the field using the same base maps at 1:10,000 scale used to identify the rock fall
source areas. A total of 0.3 km2 of revetment nets were mapped, mostly along or in the vicinity
of the roads. The revetment nets are assumed fully capable of preventing rock falls, i.e., that
no boulder could detach or fall where the revetment nets are present. Based on this
assumption, a new rock fall hazard model is prepared that differed from the previous model
(shown in Figure 7.12) only in terms of the reduced extent of the rock fall source areas. In this
new model the total rock fall source areas extend for 1.7 km2 (Table 7.5). According to the
new model, the area potentially affected by rock falls decreases to 6.5 km2 (13.5%) and the
length of roads subject to rock fall hazard decreases to 6.5 km (20.5%). The presence of the
passive revetment nets reduces by 7.4% the extent of the area potentially subject to rock falls,
and by about 27.9% the total length of roads subject to rock fall hazard. The reduction is larger
along the roads than in the rest of the hazardous areas.
In the second simulation (Model 3, Table 7.5) the presence of the other defensive structures,
namely the elastic rock fences, the concrete barriers, and the artificial tunnels, is considered.
For simplicity, the possibility of a boulder that breaks through, or flies over an elastic fences
or a concrete barrier is excluded. Rock fences and concrete barriers are linear features in plan
view, and for modelling purposes they are transformed into strips of adjacent pixels 5 m × 5 m
in size. A new rock fall hazard model is prepared taking into account the presence of the
revetment nets (i.e., reducing the extent of the rock fall source area), the location of the elastic
rock fall fences and concrete barriers (i.e., the rock fall retaining structures), and the presence
of the artificial tunnels. The new model reveals that the extent of the area subject to rock fall
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hazard decreases to 6.3 km2 (13.1%). Correspondingly, the total length of road subject to rock
fall hazard reduces to 2.9 kilometres, or 9.2% of the considered road network. The analysis
indicates that the combined effect of all the existing defensive structures reduced by about
10.4% the extent of the area subject to rock falls, and by about 67.8% the total length of roads
subject to rock fall hazard. Again, the reduction is larger along the roads than in other areas,
because of the location of the defensive structures, which were installed chiefly along or in the
immediate vicinities of the roads.
Table 7.5 – Nera River and the Corno River valleys. Comparison of different rock fall hazard models
prepared considering and not considering the presence and efficacy of the rock fall defensive structures
installed in the area.
ROCK FALL
SOURCE AREA

AFFECTED AREA

AFFECTED ROADS

km2

km2

%

km

%

Model 1

Defensive measures not considered

2.0

7.0

14.6

9.0

28.5

Model 2

Revetment nets considered

1.7

6.5

13.5

6.5

20.5

Model 3

All defensive measures present in the
area, considered fully efficient

1.7

6.3

13.1

2.9

9.2

Model 4

All defensive measures present in the
area, efficacy is considered

1.7

6.4

8.9

4.1

12.8

The third simulation (Model 4, Table 7.5) consists in the evaluation the efficacy of the rock
fall retaining structures. This is accomplished in two steps. First, for each grid cell the
maximum height of the computed rock fall trajectories was compared to the height of the
retaining structures. The analysis revealed that 20.7% of the retaining structures could be
“jumped” by high flying rocks. Then, the possibility that a boulder could have enough kinetic
energy to break through an elastic fence or a concrete wall was considered. For the purpose, it
was assumed that the retaining structures could absorb up to 2500 kJ, a reasonable value for
the structures present in the study area. At each grid cell the maximum computed rock fall
velocity was used to calculate the corresponding boulder maximum kinetic energy, assuming a
characteristic volume of 2 cubic meters and a unit weight of 2500 kg·m3. The latter spatial
analysis reveals that 10.2% of the existing retaining structures can be destroyed or damaged by
falling blocks. The analysis also shows that 21.0% of the rock fall elastic fences or concrete
walls can be either bypassed by high flying rock falls, or can be damaged or destroyed by fast
moving boulders. These defensive structures are at least partly ineffective in protecting from
rock falls. The final step in the analysis consists in preparing a last hazard model not
considering the presence of the “ineffective” defensive structures. This last model reveals that
4.1 km of roads in the study area (12.8%) are potentially subject to rock fall hazard. The
combined effect of all the effective defensive structures reducs by about 8.9% the total extent
of the area subject to rock falls, and by about 55.1% the total length of roads subject to rock
fall hazard. The model indicates that, despite the considerable reduction in rock falls risk due
to the presence of numerous defensive structures, residual risk still exists along roads in the
Nera River and the Corno River valleys.
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7.5.4. Discussion
I now briefly discuss the results obtained in the assessment of rock fall hazard along the Nera
River and the Corno River valleys. The discussion focuses on the performed experiment, but
conclusions are applicable to other areas and, more generally, I consider them relevant to the
application of process-based models for the assessment of landslide susceptibility and hazard
(§ 6.2.3.5).
The model of the rock fall process implemented in the computer code STONE is necessarily
simplified (Guzzetti et al., 2002; Agliardi and Crosta, 2004). Constraints in the model reflect
into the software outputs and in the hazard assessment. In the shown experiment, selection of
the input parameters required by STONE was heuristic and to some extent arbitrary. The
horizontal starting velocity was kept constant (in scale and direction) throughout the study
area, and was not selected considering the ground movements measured at nearby
accelerometer stations. Values of the parameters used to simulate the loss of energy where
boulders are rolling and at the impact points (Table 7.4) were selected heuristically, without
any field experiment (which however is difficult to perform). The version of the software
STONE used for the analysis does not consider the volume, shape and mass of the falling
boulder (i.e., fully kinematic modelling). The simplification may be relevant where the
boulder is flying at high speeds along ballistic trajectories (air friction is neglected), and at
impact points, where the shape, volume and mass of the boulder are important to determine the
energy lost during impact and the velocity and direction of the flying boulder. The
implemented model does not consider sliding of the boulder, which may be important in the
early stages of a rock fall (i.e., in the detachment area) and at the impact point. Finally, the
model does not consider the possibility that at impact points a boulder may brake and rock
fragments fly in different directions at various velocities. This is a condition that exists in
nature, and that can result in very hazardous situations.
The quality of the rock fall simulation depends also on other factors, including the complete
and accurate identification of rock fall source cells and the quality of the DEM. Over large
areas the detachment areas of rock falls are not easy to identify and map precisely. Minor rock
slopes and small road cuts may not be shown in the map of the rock fall source cells. As a
consequence the model may locally underestimate the spatial extent of the rock fall problem.
Where terrain is very steep and bedrock crops out, contour lines were not shown in the base
maps. In these areas the DEM does not accurately represent the topography, and the rock fall
hazard model may be locally imprecise.
Values of the adopted rock fall hazard index do not provide an absolute ranking of hazard
levels. If the extreme values are easy to define, intermediate conditions of rock fall hazard are
more difficult to rank. A grid cell where rock fall frequency is very low and the flying height
and velocity are very low (HRF = 111) will have a much lower hazard than a grid cell that
exhibits very high rock fall frequency, and very large flying height and velocity (HRF = 555).
Deciding whether a grid cell with very high frequency and light rock fall intensity (HRF = 511)
has a larger hazard than that of a grid cell with very low expected frequency and very high
rock fall intensity (HRF = 155) is not straightforward, and may be a matter of opinion or local
judgment (e.g., Cardinali et al., 2002; Reichenbach et al., 2005).
The evaluation of the efficacy of the rock fall defensive structures is affected by completeness
and resolution of the mapping. Identification of revetment nets, elastic rock fences, and rock
walls was straightforward, but accurate mapping was locally difficult due to the size of the
structures (locally a few tens of square meters) compared to the scale of the maps (1:10,000).
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When estimating the mitigating effects of the revetment nets, the assumption was made that
structures were completely efficient in preventing the detachment of rock falls. The
assumption may be incorrect where large boulders are expected. The output of the computer
model provided information only on the maximum values of the rock fall flying height and
travel velocity. Average, or modal values were not considered and the frequency of the
extreme values remains unknown. For the identification of the sections of the retaining
structures that were unable to catch all the high-flying boulders or that could be destroyed by
fast moving blocks, only the maximum computed values were used. As a result, the extent of
the potentially ineffective retaining structures may have been overestimated. In addition, the
estimate of the efficacy of the retaining structures did not consider the presence of multiple
sets of elastic fences along the slopes.
As a result of these considerations, the spatial evaluation of the rock fall hazard along the Nera
River valley and the assessment of the possible associated risk along the roads are
undoubtedly affected by uncertainties and limitations that must be considered when using the
model results for mitigation and planning purposes.

7.6. Summary of achieved results
In this chapter, I have:
(a) Proposed a probabilistic model for the assessment of landslide hazard, which fulfils a
standard definition of landslide hazard.
(b) Tested the proposed model at the catchment scale, exploiting geomorphological
information on slope failures obtained from a multi-temporal landslide inventory map.
(c) Demonstrated that probabilistic landslide hazard assessment can be conducted at the
national scale. However, verification of the validity of the many assumptions on which the
model is based was not possible at the synoptic scale.
(d) Demonstrated that the proposed probabilistic framework can also be adopted to determine
the hazard posed by rock falls – a different type of mass movement – exploiting results
obtained by a 3-dimensional rock fall simulation model.
This responds to Question # 6 posed in the Introduction (§ 1.2).
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8. LANDSLIDE RISK EVALUATION
A disaster is often a sequence of
apparently harmless, little mistakes.
Before I step into a puddle,
I'd like to know how deep it is.

Risk assessment is the final goal of many landslide investigations. It lays at the fuzzy
boundary between science, technology, economy and politics, including planning and policy
making. Assessing landslide risk is a complex and uncertain operation that requires the
combination of different techniques, methods and tools, and the interplay of various expertises
pertaining – among the others – to geology and geomorphology, engineering and
environmental sciences, meteorology, climatology, mathematics, information technology,
economics, social sciences and history. Despite the indisputable importance of landslide risk
evaluation for decision making, comparatively little efforts have been made to establish and
systematically test methods for landslide risk assessment, and to determine their advantages
and limitations.
In this chapter, after a brief review of the relevant literature, I present concepts and definitions
useful for landslide risk assessment, including a discussion of the differences between
quantitative (probabilistic) and qualitative (heuristic) approaches. I then make various
examples of probabilistic, heuristic, and geomorphological landslide risk assessments. The
examples include: (i) the determination of societal and individual levels of landslide risk in
Italy, and a comparison with risk levels posed by other natural and man-made hazards, and by
the principal medical causes of deaths in Italy, (ii) a preliminary attempt to establish the
geographical distribution of landslide risk to the population in Italy, (iii) the determination of
rock fall risk to vehicles and pedestrians along roads in the Nera River and the Corno River
valleys, in eastern Umbria, (iv) the design and application of a geomorphological method for
the determination of heuristic levels of landslide risk at selected sites in Umbria, based on
information obtained from the interpretation of multiple sets of aerial photographs of different
ages, combined with the analysis of historical information on past landslide events, and preexisting knowledge on landslide type and abundance, (v) an attempt to determine the type and
extent of landslide damage in Umbria, based on the analysis of a catalogue of landslides and
their consequences, and (vi) an effort to establish the location and extent of sites of possible
landslide impact on the population, the agriculture, the built-up environment, and the
transportation network in Umbria.
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8.1. Literature review
Literature on landslide risk is less ample than the literature on landslide mapping and landslide
susceptibility and hazard assessment. This has several reasons, including: (i) the inherent
difficulty to ascertain landslide risk – an operation that requires the preliminary assessment of
landslide abundance, susceptibility and hazard, (ii) a generalized lack of relevant information
to determine landslide risk, heuristically or using probabilistic methods, (iii) the
interdisciplinary nature of landslide risk evaluation that requires the cooperative interplay of
different expertises – a condition often difficult to obtain, and (iv) the fact that only recently
have scientists, practitioners and decision makers demonstrated interest in landslide risk
assessment studies.
Literature dealing with the general principles, theory, mathematics, economy, management,
and philosophy of risk posed by natural hazards – including landslides – comprises: Starr
(1969), IDNHR Advisory Committee, (1987), Slovic 1987), Ale (1991), Canadian Standards
Association (1991), UNDRO (1991), The Royal Society (1992), Funtowicz and Ravetz
(1995), Horlick-Jones et al. (1995), Olshansky (1990, 1996), Stern and Fineberg (1996),
Keller et al. (1997); Quarantelli (1998), National Research Council (1999), Tobin (1999),
Woo (1999), Alexander (2000, 2002), Papadopoulos et al. (2000), Batabyal and Beladi (2001),
Skidmore (2001), Vecchia (2001) and Sandin (2004). In recent years, a few books and
technical reports specifically aimed at reviewing and discussing the principles, concepts and
definitions of landslide risk, at examining the theory of landslide risk assessment, and at
proposing quantitative and qualitative methods for the evaluation of landslide risk have been
published. These references include: Cruden and Fell, eds. (1997), Vecchia, ed. (2001), Wise
et al., eds. (2004a), Lee (2004), Glade et al., eds. (2005) and Hungr et al., eds. (2005).
Significantly, the majorities of the references is the cooperative result of multi-author efforts,
or represent the outcome of conferences or specialized technical workshops.
A systematic and critical evaluation of the literature on landslide risk is beyond the scope of
this work. An initial, but sufficiently complete review of the literature reveals that books,
scientific papers and technical reports on landslide risk cover a large and diversified spectrum
of topics, including:
(i) Nomenclature, concepts and definitions, an important and often overlooked aspect or
landslide risk assessment. Recognized nomenclature and clearly stated definitions allow for
establishing standards and for comparing the results of risk assessments (Varnes and IAEG
Commission on Landslides and other Mass-Movements, 1984; Canadian Standards
Association, 1991; ANCOLD, 1994; Fell, 1994, 2000; Canuti and Casagli, 1996; Chowdhury,
1996; Cruden and Fell, 1997; Evans, 1997; International Union of Geological Sciences
Committee on Risk Assessment, 1997; Morgenstern, 1997; Geotechnical Engineering Office,
1998; Australian Geomechanics Society, 2000; Raetzo et al., 2002; Guzzetti et al., 2003a;
Committee on the Review of the National Landslide Hazards Mitigation Strategy; 2004; Lee,
2004; Technical Committee on Risk Assessment and Management, 2004; Vandine et al.,
2004a, 2004b; Wise et al., 2004a; Crozier, 2005; Crozier and Glade, 2005; Fell et al., 2005;
Glade et al., 2005; Reichenbach et al., 2005; VanDine et al., 2005);
(ii) Principles, theory, probability methods and modelling approaches, which lay at the
foundation of scientific landslide risk assessment (Varnes and IAEG Commission on
Landslides and other Mass-Movements, 1984; Einstein, 1988, 1997; Canadian Standards
Association, 1991; ANCOLD, 1994; Fell, 1994; Wu et al., 1996; Cruden and Fell, 1997; Fell
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and Hartford, 1997; Vecchia, 2001; Wise et al., 2004a; Xie and Xia, 2004; Guzzetti et al.,
2005b,c; Plattner, 2005);
(iii) Assessment, application and discussion of case studies. In landslide risk assessment,
demonstration, comparison and critical analysis of the results of risk evaluations are the best
way of testing theories, methods and models (Stevenson, 1977, 1978; Fukuoka, 1978; Lessing
et al., 193; Brand, 1988; Neeley and Rice, 1990; Olshansky, 1990; Carrara et al., 1991b;
Morgan et al., 1992; Anderson et al., 1996; Eusebio et al., 1996; Leroi, 1996; Cruden, 1997;
Cruden and Fell, eds. 1997; ERM-Hong Kong, 1998; Geotechnical Engineering Office, 1998;
Michael-Leiba et al., 1999; Alexander, 2000; Budetta, 2002; Cardinali et al., 2002a; Dai et al.,
2002; Guzzetti et al., 2003a, 2003b; Bonnard, et al., 2004; Chatterton, 2004; Guzzetti et al.,
2004c; Lee, 2004; Wise et al., 2004a; Crosta et al., 2005; Fell et al., 2005; Glade et al., 2005;
Leroi et al., 2005; Malone, 2005; Michael-Leiba et al., 2005; Reichenbach et al., 2005;
Roberds, 2005; Sorriso-Valvo, 2005);
(iv) Management and mitigation methods and strategies. Risk assessment as such is of little
interest to society. Risk assessment becomes useful when it provides insight on mitigation
strategies and management methods (Fleming et al., 1979; Olshansky and Rogers, 1987;
Flageollet, 1989; Anderson et al., 1996; Baum and Johnson, 1996; Einstein, 1997; Fell and
Hartford, 1997; Roberds et al., 1997; Geotechnical Engineering Office, 1998; Malone, 1998;
Swanston and Schuster, 1989; Australian Geomechanics Society, 2000; Fell, 2000; Dai et al.,
2002; Chowdhury and Flentje, 2003; Davis et al., 2003; Bonnard, et al., 2004; Committee on
the Review of the National Landslide Hazards Mitigation Strategy; 2004; Wise et al., 2004a;
Butler and DeChano, 2005; Crozier, 2005; Fannin et al., 2005; Fell et al., 2005; Flentje et al.,
2005; Hollenstein, 2005; Pflügner, 2005; Plattner, 2005; Leroi et al., 2005; Plattner, 2005;
Michaels, 2005; Wieczorek et al., 2005);
(v) Vulnerability, assessment of the consequences, damage and socioeconomic significance,
including cost-benefit analysis and insurance. Establishing the societal and economic
consequences of slope failures is of primary interest. It is particularly significant when
consequences to the population are ascertained (Hungr, 1981, 1997; Schuster and Fleming,
1986; Taylor and Brabb, 1986; Alexander, 1989, 2000; Brabb and Harrod, 1989; DRM
Délégation aux Risques Majeurs, 1990; Olshansky, 1990; Brabb, 1991; Morgan, 1991;
Morgan et al., 1992; Barton and Nishenko, 1994; Fell, 1994; Mejía-Navarro et al., 1994, 1996;
Leone et al., 1996; Evans, 1997; Cruden and Fell, 1997; Morgenstern, 1997; Wong et al.,
1997; ERM-Hong Kong, 1998; Luckman et al., 1999; Alexander, 2000, 2005; Australian
Geomechanics Society, 2000; Guzzetti, 2000; Schuster and Highland, 2001; Dai et al., 2002;
Kong, 2002; Raetzo et al., 2002; Chau et al., 2003; Davis et al., 2003; Guzzetti et al., 2003a,
2005b,c; Salvati et al., 2003; Glade, 2004; Wise et al., 2004a; Crozier and Glade, 2005;
Düzgün and Lacasse, 2005; Glade and Crozier, 2005; Koler, 2005; Leventhal and Walker,
2005; Leroi et al., 2005; Paus, 2005; Petley et al., 2005; Pflügner, 2005; Reichenbach et al.,
2005; Roberds, 2005; Wong, 2005; Yin and Wang, 2005);
(vi) Perception, acceptance and acceptable criteria. To some extent, risk is a matter of
acceptance, which is related to perception. Establishing individual and collective levels for
landslide risk, and comparing it to the risk posed by other natural, technological and societal
hazards, is an important field of investigation (Starr, 1969; Whitman, 1984; Slovic, 1987; The
Royal Society, 1992; ANCOLD, 1994; Fell, 1994; Sobkowicz, 1996; Finlay and Fell, 1997;
Cruden and Fell, 1997; ERM-Hong Kong, 1998; Guzzetti, 2000; Dai et al., 2002; Nicol, 2004;
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Butler and DeChano, 2005; Düzgün and Lacasse, 2005; Fell et al., 2005; Harmsworth and
Raynor, 2005; Leroi et al., 2005; Plattner, 2005; Wong, 2005);
(vii) Awareness, preparedness, planning and decision making, and public education. The final
scope of any risk assessment effort should be the reduction of the consequences. This often
needs planning, dissemination of information, and education (Starr, 1969; Slovic, 1987;
Ahlberg et al., 1988; Swanston and Schuster, 1989; Olshansky, 1990; Ale, 1991; Cruden and
Fell, eds. 1997; Yim et al., 1999; Spiker and Gori, 2000, 2003; Brabb, 2002; Raetzo et al.,
2002; U.S. Geological Survey, 2002; Solana and Kilburn, 2003; Bonnard et al., 2004;
Committee on the Review of the National Landslide Hazards Mitigation Strategy, 2004;
Hollenstein, 2005; Malone, 2005; McInnes, 2005);
(viii) Multiple hazards risk assessment. In many areas mass movements are not the sole natural
hazard posing a threat. Investigating the relationships between multiple hazards, and deciding
on the associated risk, is a poorly explored subject of increasing interest (IDNHR Advisory
Committee, 1987; Barton and Nishenko, 1994; Horlick-Jones et al., 1995; ERM-Hong Kong,
1998; National Research Council, 1999; Vecchia, 2001; Glade and Evlerfeldt, 2005; Guzzetti
et al., 2005b,c).
Some of the listed references (and many others not listed here) discuss methods, techniques
and procedures to determine the risk associated with single, natural or artificial slopes (e.g.,
Yong et al., 1977; Whitman, 1984; Brand, 1988; Chowdhury, 1988, 1996; Vedris, 1990; Popa
and Fatea, 1996; Ragozin, 1996; Morgenstern, 1997; Malone, 1998; Ho et al., 2000; Kong,
2002; Chowdhury and Flentje, 2003; Sivakumar Babu and Mukesh, 2003; Bonnard, et al.,
2004; Sassa et al., 2004; Xie and Xia, 2004; Bromhead, 2005; Jakob and Weatherly, 2005;
Nadim et al., 2005; Roberds, 2005; Wong, 2005). To be consistent with the scopes of the work
(declared in § 1.2), the risk posed by single slopes or individual landslides will not be
considered in this chapter.
Many of the cited references cover two or more of the subjects listed here. This explains why
several references are listed under more than one heading.

8.2. Concepts and definitions
The aim of risk evaluation is substantially different from that of landslide susceptibility or
hazard assessment. When assessing landslide susceptibility (§ 6) or hazard (§ 7), the interest is
on the single slope or the mapping unit where landslides can occur, posing a threat and
eventually causing damage. When attempting to establish landslide risk, the focus is on the
asset, i.e., the element at risk that may suffer damage from a harmful landslide. This
apparently insignificant difference has large consequences. The first, to determine landslide
risk information on slope failures and their expected evolution is necessary, but insufficient.
Estimation of landslide risk requires information on the type, abundance, distribution,
vulnerability and value of the assets in the study area. The second, if it is possible to zone an
area for landslide susceptibility or hazards, it is generally unfeasible to zone an area for
landslide risk. Risk is an attribute of an element and not of the area where the element is
located. In the same area (e.g., in the same slope or mapping unit) many elements may be
present, each with a different type or degree of vulnerability. Further, the distribution and
abundance of the elements at risk in an area may change with time. As an example, traffic
along roads varies during the day, and the number of residents in mountain resorts varies
seasonally.
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The difference between susceptibility or hazard assessment and risk evaluation is reflected in
the definition of the scopes of landslide risk evaluation. In their well-known report, Varnes
and the IAEG Commission on Landslides and other Mass-Movements (1984) established that:
landslide risk evaluation aims to determine the expected degree of loss due to a
landslide (specific risk) and the expected number of live lost, people injured, damage (8.1)
to property and disruption of economic activity (total risk).
The definition of Varnes and his IAEG collaborators, with some modifications, is largely
accepted by investigators of landslide risk. Much of what will be shown in this chapter is
based on this general definition of landslide risk. For the interested readers, a modern and
comprehensive review of landslide risk assessment principles, including an assessment of the
definition and discussion of appropriate probability methods, can be found in Vandine et al.
(2004).

8.2.1. Vulnerability and consequence
To establish landslide risk, information on the damage caused by mass movements is
compulsory. Mass movements cause damage to “elements” that, according to Varnes and his
IAEG collaborators (1984), comprise the population, properties, economic activities, including
public services, etc., subject to landslide risk in a given area. A more comprehensive listing of
elements at risk – not including the population – is given by Alexander (2005). In the technical
literature on economics and risk evaluation, elements at risk are often referred to as assets.
Vulnerability is a measure of the possible or expected damage to an element at risk. According
to Varnes and his IAEG collaborators (1984), vulnerability, WL, is the degree of loss to a given
element – or a set of elements – at risk resulting from the occurrence of a landslide of given
magnitude. Hence, vulnerability is a measure of the robustness or the fragility of an element,
or a measure of its exposure to or protection from the expected potentially damaging landslide
(Vandine et al., 2004). In mathematical language this can be expressed as (Einstein, 1988)
WL = P[D ≥ 0 | L] (0 ≤ D ≤ 1)
(8.2)
where, D is the expected damage to an element, given the occurrence of a hazardous landslide.
In equation 8.2, vulnerability is the probability of total loss or damage to a specific element, or
the proportion of loss of damage to an element, given the occurrence of a landslide (Vandine
et al., 2004). In both cases, vulnerability is expressed on a scale from 0 to 1, zero meaning no
damage and one expressing complete loss. Vandine et al. (2004) considered the temporal
effect on vulnerability and proposed the following definition:
WL = P[L | T ]
(8.3)
Equation 8.3 indicates that vulnerability of an element at risk is conditional on the element
(e.g., a person, car, road or house) being at the site at the time of the landslide.
According to Alexander (2000a,b, 2005), vulnerability can be considered as the ability of an
element to withstand mass movements of given types or sizes, or in terms of value. The
element value can be expressed in any of three different ways: (i) monetary value, i.e., the
price or current value of the asset, or the cost of replacing it with a similar or identical asset if
it were totally lost or written off, (ii) intrinsic value, i.e., the extent to which an asset is
considered important and irreplaceable, and (iii) utilitarian value, i.e., the usefulness of a given
asset, or the monetary value of its usage averaged over a specified length of time. Human life
constitutes a special case in that its intrinsic value when threatened by a hazard such as
landslides is incalculable. Despite this, several measures are used in actuarial work to put a
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monetary value on death or injury. The first, the value of a statistical life, simply allots a
standard figure, based on lost earnings, which was, for industrialized countries and in 1990s
figures, about US$1.75 million for death, $10,000 for serious injury, and $1000 for minor
injury (Alexander, 2000). The second, termed the private value of a statistical life, is based on
lost earnings, medical expenses, and indirect costs. The third, known as the social value of a
statistical life includes the private value, plus foregone taxes and general medical, emergency,
legal, court and public assistance administration costs. Foregone taxes are estimated by
developing an age, sex and income profile of potential victims and calculating their future tax
liabilities. On this basis, the average monetary values of a human life have been variously
estimated at between US$873,000 and $7 million (Alexander, 2000). The wide diversity
reflects not only age, social status and earning capacity, but also the value of court awards
when damages are sought.
Vulnerability can also be expressed heuristically, describing in qualitative (descriptive) terms
the expected damage to the elements at risk. In this context, damage is a proxy for
vulnerability, and vulnerability to structures and infrastructure can be described as, e.g., (i)
aesthetical or minor, where the functionality of building and roads is not compromised and the
damage can be repaired, rapidly and at low cost, (ii) functional or medium, where the
functionality of structures or infrastructure is compromised, and the damage takes time and
large resources to be fixed, and (iii) structural or total, where buildings and transportation
routes are severely or completely damage, and they require extensive work to be fixed, and
demolition and reconstruction may be required. Vulnerability to people can be described by
the number of expected casualties (e.g., none, few, numerous, very numerous), or by the type
of expected damage to the population, e.g., (i) no damage, where damage to the population is
not expected, (ii) direct damage, where casualties (deaths, missing persons and injured people)
are expected, (iii) indirect damage, where only socio-economic damage is expected, and (iv)
temporary damage, where temporary or permanent loss of private houses is foreseen (i.e.,
evacuees and homeless people) (Cardinali et al., 2003; Guzzetti et al., 2004; Reichenbach et
al., 2005).
An asset not necessarily is a permanent, fixed feature. As an example, the number of
pedestrians and vehicles along a road changes during the day. When establishing the landslide
risk to elements that may change with time, the temporal probability must be considered. To
accomplish this, Vandine et al. (2004) proposed to ascertain the “consequence”. A
consequence is the effect of a hazard to an element at risk, given some kind of temporal effect
(on the hazard and on the vulnerability). Determination of the consequence includes
considerations on the spatial and the temporal probability of the hazardous event, and on the
vulnerability of the element. In mathematical language, this can be expressed as (Vandine et
al., 2004):
C = P( S | H ) × P( T | S ) × W ( L | T )
(8.4)
where C is the consequence, P( S | H ) is the probability that there will be a spatial effect, given
a specific harmful landslide (e.g., a debris flow will inundate a given area, or a rock fall will
reach a road), P(T | S ) is the probability that there will be a temporal effect, given that there is
a spatial effect (e.g., a person or a car may or may not be in the way when the debris flow
inundates the area, or when the falling rock reaches the road), and W ( L | T ) is vulnerability,
i.e., the probability of loss or damage, given the temporal effect (e.g., vulnerability of the
person or the car may depend on time) (Vandine et al., 2004). Equation 8.4 means that a
consequence is the result (i.e., the joint conditional probability) of where the hazard will occur,
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of when it will occur, and on the vulnerability, which also may vary with time. When it is
certain that there will be a specific spatial effect of the hazard (e.g., a debris flow will without
doubt inundate a house, P( S | H ) = 1 ), and if the location of the element at risk is permanent
(e.g., a house is present in the area that will be inundated by the debris flow, P(T | S ) = 1 ),
consequence and vulnerability coincide.
Consequence can be expressed quantitatively and qualitatively. A quantitative measure of
consequences is given in the range between 0 and 1, as the probability of total loss or damage
to the element, or as a proportion of loss or damage to the element, depending on the unit of
measure used for vulnerability. Consequence can be expressed qualitatively using descriptive
consequence ratings, such as very low, low, moderate, high, or very high likelihood of total
loss or damage to the element. When the probability of some loss or damage is known or
assumed to be certain, consequence ratings can be expressed using terms such as no loss or
damage, minor loss or damage, major loss or damage, or total loss or damage (complete
destruction) (Vandine et al., 2004).

8.2.2. Risk analysis
Various definitions of risk have been proposed in the literature, including partial risk, specific
risk, specific value risk, total risk, and multiple risk (Vandine et al., 2004). Varnes and the
IAEG Commission on Landslides and other Mass-Movements (1984) proposed the definition
of risk adopted by UNDRO (Office of the United Nations Disaster Relief Co-ordinator) for all
natural hazards, be applied to the risk posed by mass movements, namely:
(8.5)
Specific landslide risk, RS, is the expected degree of loss due to a landslide.
Specific landslide risk, as defined in proposition 8.5, is most commonly expressed by the
product of landslide hazard, HL, and of landslide vulnerability, WL, or
Rs = H L × WL
(8.6)
In equation 8.6, both landslide hazard (HL, eq. 7.3) and landslide vulnerability (WL, eq. 8.2) are
expressed as probabilities. Hence, specific landslide risk, WL, is also expressed as a
probability, namely, the joint probability of landslide hazard and vulnerability, given the
occurrence of a landslide. This is assuming independence of hazard and vulnerability.
However, recalling that hazards depends on a probability estimate of landslide magnitude (§
7.3), a proxy for area, volume, velocity, kinetic energy or momentum, vulnerability may
depend on hazard. If vulnerability is dependent from hazard, specific landslide risk becomes
Rs = ( H L ) × ( WL | H L )
(8.7)
which means that specific landslide risk is the probability of the hazard, multiplied by the
probability of the expected damage (vulnerability), conditioned on the hazard. Equation 8.7 is
applicable when, for example, damage to a specific element at risk is a function of the
magnitude (e.g., the size or velocity) of the harmful landslide.
Specific value risk is the worth of loss or damage to a specific element, excluding human life,
resulting from a specific hazardous affecting landslide. Like vulnerability, specific value risk
can be expressed using monetary, utilitarian and intrinsic value estimates. Multiple risk is the
risk to more than one specific element from a single specific hazardous affecting landslide, or
the risk to one specific element from more than one specific hazardous affecting landslide.
Multiple partial risk, multiple specific risk, and multiple specific value risk can also be
estimated by applying standard probability concepts (Vandine et al., 2004).
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Finally, total landslide risk, RT, was defined as
the expected number of lives lost, person injured, damage to property, or disruption of
economic activity due to a landslide

(8.8)

by Varnes and the IAEG Commission on Landslides and other Mass-Movements (1984), and
as
(8.9)
the risk to all specific elements from all specific hazardous affecting landslides
by Vandine et al. (2004). In the latter definition total landslide risk is expressed as a
probability, and it can be estimated using standard probability concepts and methods.

8.2.3. Discussion
In the previous pages, concepts and definitions useful for landslide risk assessment were
presented and discussed, together with their mathematical (probabilistic) formulation. From a
practical point of view, the given definitions can be used in several of different ways,
depending on: (i) the scope of the analysis, (ii) the availability, quality and reliability of the
necessary information, (iii) the extent of the study area, (iv) the resources available to
complete the analysis, (v) the experience and skill of the investigator, and (vi) the existence of
established thresholds for acceptance of risk.
In general, when attempting to establish landslide risk, two main approaches are possible: (i) a
quantitative (probabilistic) approach, and (ii) a qualitative (heuristic) approach. Quantitative
landslide risk analysis (QLRA) uses numerical values and mathematical methods to estimates
objective probabilities, e.g., the probability of loss of life, or the probability of damage to a
structure or infrastructure due to mass movements. QLRA investigates the relationships
between the frequency of the damaging events and the intensity of their consequences, and
seeks to establish quantitative (numerical) acceptable or tolerable thresholds. When applied to
establish risk to the population, QLRA can be used to establish probabilistic levels of
individual and collective risk. The former is most commonly investigated by computing
mortality rates, which are given by, e.g., the number of deaths per 100,000 of any given
population over a pre-defined period. The latter is ascertained by constructing f-N or F-N
plots, which describe the relationship between the frequency of the damaging events and their
intensity, as measured by the number of fatalities (§ 8.3). Another method of QLRA consists
in the event tree decomposition (e.g., Budetta, 2002; Nicol, 2004; Vandine et al., 2004). The
method is based on: (i) the systematic decomposition of risk into all the individual (single)
components, (ii) the quantitative estimation of the probability (or the monetary, intrinsic and
utilitarian values) for each single component of the risk, and (iii) an estimate of the risk, for all
the possible established outcomes. Event trees can be constructed for specific risk and for
specific value risk. In the first case the method provides probability estimates, and in the
second case it provides monetary estimates (e.g., actual costs).
QLRA often requires a catalogue of landslides and their consequences, the latter measured
quantitatively. Compilation of lists or catalogues of landslides and their consequences is a
difficult, time consuming, expensive and uncertain operation, mostly because of the lack of
relevant information (Guzzetti et al., 1994; Ibsen and Brunsden, 1996; Glade, 1988; Glade et
al., 2001). A few of such lists have been prepared for landslides with human consequences
(Evans, 1997; Guzzetti, 2000; Kong, 2002; Salvati et al., 2003; Guzzetti et al., 2005b,c).
When this information is available, levels of individual and societal risk can be determined.
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However, the completeness, time span and reliability of the landslide catalogue greatly affect
the reliability of such quantitative risk assessments.
When attempting to evaluate specific and total landslide risk for a single site or an entire
region where slope failures are likely to take various forms or pose various threats, the
quantitative approach can prove impracticable, uneconomical or even impossible (Guzzetti et
al., 2003). It may not be easy to ascertain the magnitude, frequency and forms of evolution of
landslides in an area, and detailed and reasonably complete catalogues of historical events and
their consequences may not be readily available. As an alternative to quantitative risk
assessment, a qualitative approach can be pursued in such a way as to establish qualitative
levels of landslide risk. Qualitative landslide risk analysis (qLRA) uses relative qualitative
(descriptive) ratings, and may result in designing landslide scenarios.
A landslide scenario is a description of one or several hypothetical, potentially damaging
landslide events, including the consequences on the population, properties, economic
activities, and the landscape. As in a theatre play, a scenario should include: (i) the “actors”,
i.e., the assets involved in or affected by the event, including the population; and (ii) the
“context”, i.e., the temporal arrangement and evolution and the geographical location of the
event and the assets, including the social, economical, administrative and legal aspects directly
or indirectly related to the event. For a scenario, a probability of occurrence should be
established. The probability can be determined quantitatively, e.g., modelling an historical
record of landslide events, or it can be established empirically, e.g., by using external
information. The probability of a scenario associated with rare events may be difficult (or
impossible) to determine quantitatively, and can be decided using geomorphological inference,
the personal experience of the investigator, or other information. The design of a landslide
scenario for a given area is a complex, largely empirical procedure that involves: (i)
identification of the assets and their vulnerability, (ii) identification of the types of slope
processes present in the study area, (iii) accurate mapping of the existing landslides, and (iv)
assessment of the possible (or probable) evolution of the slope movements. The latter, can be
ascertained qualitatively by experts, or it can be determined quantitatively using mathematical
or physically-based models which simulate the expected evolution of a landslide. Multiple
landslide scenarios can be prepared, one scenario for each landslide or landslide types present
in the study area.
With regard to precision accuracy and reliability, quantitative landslide risk estimates are not
necessarily better than qualitative estimates. In landslide risk analysis, the precision and
reliability of an estimate does not depend on the use of numbers or probabilistic equations. It
rather depends on whether all the components of the analysis have been appropriately
considered and on the availability, quality, and reliability of the required data (Vandine et al.,
2004).

8.3. Evaluation of landslide risk to individuals and the population
Quantitative landslide risk assessment (QLRA) can be used to determine the risk posed by
landslides to identified individuals or the population (Cruden and Fell, 1997; Fell and
Hartford, 1997; Evans, 1997; Guzzetti, 2000; Wise et al., 2004; Nicol, 2004; Guzzetti et al.,
2005b,c). Most commonly, the method requires a catalogue of landslides and their human
consequences, i.e., deaths, missing persons, injured people, evacuees and homeless. The
completeness and time span of the catalogue affect the reliability of the risk assessments. Only
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a few lists of landslides with human consequences have been prepared. Such lists are mostly
limited to specific areas or individual countries (Evans, 1997; Guzzetti, 2000; Kong, 2002;
Salvati et al., 2003; Nicol, 2004; Guzzetti et al., 2005b,c).
When a sufficiently complete catalogue of landslide events with human consequences is
available, levels of individual and societal risk can be determined (Cruden and Fell, 1997;
ISSMGE TC32, 2004; Wise et al., 2004). Individual risk is the risk posed by a hazard to any
identified individual and it is commonly expressed using mortality (or death) rates, which are
usually given by the number of deaths per 100,000 of any given population over a pre-defined
period. Societal (or collective) risk is the risk imposed by a landslide on society as a whole,
and it is established by investigating the relationship between the frequency of the damaging
events and their intensity, as measured by the number of deaths, fatalities or casualties. The
relationship between the frequency of the harmful events and their consequences is shown on
cumulative (F-N) or non-cumulative (f-N) plots (Cruden and Fell, 1997; Evans, 1997;
Guzzetti, 2000). When such plots are prepared in log-log scale, the relationship between the
number of events and the number of the consequences in each event exhibits a linear trend.
This is important because, in principle, it allows determining the frequency and magnitude of
large events (i.e., events with numerous fatalities) by studying the frequency and magnitude of
the small events, i.e., those resulting in few fatalities. A linear trend in a log-log plot suggests
a power law scaling, and power laws are commonly used to model such probability
distributions (Evans, 1997; Guzzetti, 2000; Guzzetti et al., 2005b,c).
Quantitative landslide risk assessment allows determining acceptable risk levels. Acceptable
levels of individual and collective landslide risk can be determined by comparison with other
natural, technological and societal hazards for which acceptable risk levels have already been
established (e.g., Whitman, 1984; Fell and Hartford 1997; Salvati et al., 2003; Nicol, 2004;
Guzzetti et al., 2005b). In the following, examples will be given of the use of QLRA
techniques to determine landslide risk to the population in Italy.

8.3.1. Landslide risk to the population in Italy
In Italy, information exists to determine quantitatively the risk posed by landslides to the
population, and to compare it with the risk posed by other natural and man made hazards, and
by the leading medical causes of death. Systematic information on landslides with human
consequences in Italy was first compiled by Guzzetti (2000), for the period between 1279 and
1999. Guzzetti et al. (2005b) revised this information and compiled an updated catalogue for
the 2096-year period from 91 BC to 2004. The new catalogue lists 2444 events with human
consequences, of which 1305 events with casualties. In the examined period, landslide
casualties were at least 13,250, comprising 10,892 deaths, 85 missing persons, and 2273
injured people. The catalogue also lists 1331 events with homeless or evacuated people, for a
total population exceeding 180,000. The new catalogue of Guzzetti et al. (2005b,c) also lists
systematic information on floods with human consequences in the period from 1195 to 2004,
and systematic information on earthquakes with human consequences in the period from 51
AD to 2004. Figure 8.1 shows the historical distribution of landslide events with casualties in
Italy, for the period from 1500 to 2004. In the graph, open squares indicate the number of
fatalities in each event, and open triangles the number of the injured people. Grey squares
indicate landslide events for which casualties are known to have occurred but for which the
exact, or even an approximate number, is unknown. Between 1500 and 2004, the most
catastrophic year for landslides was 1963 with 1950 casualties, 1921 of which occurred at
Vajont. The second worst year was 1618, when 1200 people were killed by the Piuro
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Figure 8.1 – Historical distribution of damaging landslide events in Italy, from 1500 to 2004. Open
squares, fatalities; open triangles, injured people; grey squares, events for which casualties occurred in
unknown number. Red and blue lines show period for which individual and societal landslide risk to
the population was determined, respectively.

Inspection of Figure 8.1 reveals a different abundance of the damaging events with time. Only
17 events with fatalities are listed in the catalogue before 1700. In the graph, the absence of
recorded events in any given period may be due either to incompleteness in the catalogue or to
variation in the conditions that led to mass-movements. Determining the relative importance of
the two causes is difficult, as it requires assessing the completeness of the historical catalogue,
a non-trivial task.
To evaluate the completeness of a catalogue of natural events, Guzzetti (2000) proposed an
empirical approach based on the comparison of the cumulative curves of damaging events of
increasing intensity. Application of the method to the Italian catalogue of landslides with
human consequences was discussed in § 4.3.1. Results of the analysis, shown in Figure 4.9,
indicate that the completeness of the archive varies with the intensity of the events. For very
large intensity events (≥ 100 fatalities) the catalogue is probably complete after 1600. For
medium (≥ 10 fatalities) and low (≥ 3 fatalities) intensity events the catalogue is probably
complete only after 1900. If all events are considered, the catalogue is substantially complete
for statistical purposes starting in 1900 and complete after 1950. This information is
mandatory to properly determine landslide risk to the population.
8.3.1.1. Individual landslide risk

In Italy, nationwide information on population is available from 1861 to 2004 from censuses
carried out every ten years by the Istituto Nazionale di Statistica (ISTAT, the Italian Census
Bureau, http://www.istat.it). By combining information on population with the annual number
of fatalities caused by landslides, the average death rate for slope failures in the 145-year
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period between 1861 and 2004 can be calculated. Results are given in Table 8.1, together with
the mortality rates for floods, earthquakes, volcanic eruptions and snow avalanches. Table 8.1
also lists mortality rates for technological and human-induced hazards, and for the leading
medical causes of deaths in Italy, for different periods.
Table 8.1 – Mortality rates for natural, technological and human-induced hazards in Italy, for different
periods. Sources of information: 1, Italian Alpine Club (1986-2001); 2, Aviation Safety Network
(1990-2003); 3, ISTAT (1990-2000); 4, ISPSEL (1995-2002); 5, EuRES (1991-2002); 6, Istituto
Superiore di Sanità (1990-2003).
PERIOD

HAZARD

MEAN

MIN

MAX

STDV

1861 - 2004

Landslides
Floods
Earthquakes
Volcanoes

0.09
0.05
2.42
0.005

0.0
0.0
0.0
0.0

3.80
0.90
228.9
0.60

0.33
0.11
20.55
0.05

1900 - 2004

Landslides
Floods
Earthquakes
Volcanoes

0.11
0.06
3.22
0.007

0.0
0.0
0.0
0.0

3.80
0.90
228.9
0.60

0.38
0.11
24.12
0.05

1950 - 2004

Landslides
Floods
Earthquakes
Volcanoes

0.14
0.04
0.12
0.007

0.002
0.0
0.0
0.0

3.80
0.38
4.41
0.60

0.52
0.07
0.64
0.05

Landslides
Floods
Earthquakes
Volcanoes

0.05
0.02
0.007
0.0003

0.002
0.0
0.0
0.0

0.34
0.11
0.05
0.002

0.08
0.03
0.02
0.0007

Snow avalanches1

0.032

0.016

0.065

0.017

Airplane accidents2
Road accidents3
Workplace accidents4

0.02
11.61
2.48

0.00
10.29
2.06

0.20
13.21
2.52

0.06
0.87
0.16

Homicides5
Drug overdose6

1.83
2.02

1.10
1.48

3.19
2.45

0.61
0.38

All types of disease6
Heart diseases6
Cancer6
Diabetes6
AIDS6
Influenza6

967.5
129.4
270.3
31.40
5.54
1.38

955.1
127.8
260.6
28.58
2.18
0.73

983.7
134.2
276.1
34.12
8.31
2.00

9.03
2.88
5.31
1.96
2.18
0.48

1990 - 2004

Inspection of Table 8.1 and Figure 8.2 allows for the comparison of individual risk posed by
different hazards, and for studying the variation of mortality with time. If one considers the
144-year period from 1861 to 2004, average mortality due to natural hazards was largest for
earthquakes (2.42), followed by landslides (0.09), floods (0.05) and volcanic events (0.005).
Similarly, for the period between 1900 and 2004, the average death rates are 3.22 for
earthquakes, 0.11 for landslides, 0.06 for floods, and 0.007 for volcanic events.
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Figure 8.2 – Mortality rates for natural, technological and societal hazards and for the leading medical
causes of deaths in Italy. (A) Mortality for natural hazards in the period 1900-2002. (B) Mortality for
natural hazards in the period 1950-2002. (C) Mortality for natural, technological and societal hazards
and the principal medical causes of deaths in Italy in the period 1980-2002.

203

Chapter 8
The ranking of the most destructive natural hazards changes in the post World War II period,
when the average landslide mortality was 0.14, a value similar to the mortality for earthquakes
(0.12), and more that three times larger than the mortality for floods (0.04). In the period, the
death rate for volcanic events was 0.007. The change in the ranking of the most destructive
hazards is largely due to the Vajont landslide event that caused 1921 fatalities, and to the lack
of earthquakes that resulted in several thousands of fatalities. However, it should be noted that
in the period the single event that caused the largest number of fatalities was the IrpiniaBasilicata earthquake (2483 deaths) (Boschi et al., 1997). In the 25-year period from 1980 to
2004, landslides were the primary cause of fatalities due to natural hazards in Italy (0.048),
followed by floods (0.025), earthquakes (0.007) and by volcanic events (0.0003). Since 1990,
the landslide mortality has been about twice the flood mortality, confirming that in Italy slope
movements are more dangerous than floods (Guzzetti et al., 2003c).Further inspection of
Table 8.1 and Figure 8.2 reveals that for the period from 1980 to 2004 levels of individual risk
posed by natural hazards, including landslides, are much lower that those posed by the leading
medical causes of deaths, and lower than or equivalent to the risk posed by technological and
societal hazards. In particular, it is worth noticing that in the considered period landslide
mortality was higher that the mortality caused by aviation accidents, a technological hazards
for which large investments are made to increase safety.
A known limitation of the mortality criteria lies in the fact that they depend on the size of the
population with which they are associated, that may change with time. Figure 8.3 shows
variation in the population in Italy from 1861 to 2000. In the period, the population in Italy
increased from 22.16 million in 1861 to 57.88 million in 2003, an increase of 161.2%. In the
same period the average number of landslide fatalities per year (i.e., the total number of
fatalities divided by the length of the period) was 39.2 Thus, the average landslide mortality
decreased from 0.18 to 0.07. The latter figure may lead to the conclusion that risk imposed by
landslides to the population has more than halved over the last 145 years. If the average
mortality has decreased (because the population has increased), the abundance and
geographical distribution of the population have changed.
Figure 8.3 shows that the population of Italy increased differently in various physiographical
regions. The increase was largest in the “plains” (300.8%), moderate in the “hills” (117.9%),
and least in the “mountains” (44.6%). Starting in the 1920s, and more substantially in the
second half of the 20th century, there has been a migration from mountainous areas into urban
areas that are generally located in the plains or lowland hills. Consequently, the increase in the
urban population has been larger than that in rural and mountain areas, some of which have
suffered net losses in the number of inhabitants (Guzzetti, 2000; Guzzetti et al., 2005b,c).
Considering these changes, landslide mortality rate for the entire country decreased
significantly in the period 1861 to 1920, decreased less distinctly in the period 1920-1970, and
remained roughly constant in the period 1970-2004. In mountain areas, the death rate for
landslides is considerably higher than the rates in other physiographic regions. In the
mountains, the death rate decreased significantly in the period from 1861 to 1920, remained
about constant in the period from 1920 to 1950, and increased noticeably after 1950. In
mountain areas, where many tourist resorts were developed, seasonal residency may increase
the size of the population exposed to landslide risk (Guzzetti, 2000; Guzzetti et al., 2005b,c).
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Figure 8.3 – Population and landslide mortality rates in Italy from 1860 to 2004. Upper graph:
distribution of the population in different physiographical regions. Lower graph: lines show landslide
mortality rates for different physiographical regions; histogram shows yearly number of landslide
fatalities (log scale). Source of population data: Istituto Nazionale di Statistica.

8.3.1.2. Societal landslide risk

Estimates of societal risk are obtained by investigating the relationship between the frequency
of the landslide events and their intensity, as measured by the number of fatalities. Figure
8.4.A shows the non-cumulative frequency-consequences plot (f-N plot) for landslides in Italy.
The plot shows, for each intensity class as measured by the number of fatalities, the
corresponding number of events. To minimize problems of database completeness, only the
section of the historical catalogue considered substantially complete was used to construct the
graphs, i.e., the subset from 1900 to 2002. In the log-log plot the relationship between the
number of the events (NE) and the number of fatalities (NF) in each event exhibits a distinct
linear trend, at least in the range between 1 and ~30 fatalities (more than 97% of the events).
This suggests a self-similar scaling behaviour of the losses, which is important, because in
principle it allows the use of frequent, small intensity events to estimate the rate of occurrence
of rare, large events. However, the tail of the raw distributions (which contain less than 3% of
the events, in the range from 30 to several hundreds fatalities) is erratic, and not adequate to fit
a power law to the data.
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Figure 8.4 – Societal landslide risk in Italy. (A) Green squares show number of fatal landslide events
in the period between 1900 and 2002 in Italy. (B) Probability mass function of fatal events. Green dots
show binned data. Blue line is a linear fit (least square method) to the binned data in the range from NF
= 1 to NF = NFMAX. (C) Bayesian statistical treatment. Green dots show binned data. Red line shows
model results, in the range from NF = 1 to NF = 3000. Inset shows distribution of α, the slope of the
red line.

To get a better sense of the shape of the tail, the distribution must be estimated. To accomplish
this various statistical techniques are available. Figure 8.4.B shows the result of the application
of a variable-width binning technique. The method requires establishing equally spaced
logarithmic bins, and counting the number of occurrences in each log bin. The number of
occurrences in each bin is then normalized to the total number of occurrences to obtain an
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estimate of the probability mass function1 (Guzzetti et al., 2005b,c). In Figure 8.4.B, the
number of fatalities (NF) caused by harmful landslide events is shown versus the estimated
probability mass function (pmf) of the events with NF fatalities. In the figure, there is a clear
(log-log) linear relationship between the event intensity, measured by the number of reported
fatalities (NF), and the probability of the event, which permits a straightforward linear
regression (“fit”). The estimated distribution can be approximated by a power law. The log-log
linear trend of the regression fit extends for three orders of magnitude, indicating a consistent
power law scaling behaviour of the landslide fatalities.
The weakness of the described approach is the need to “bin” the data. Although the variablewidth binning technique performs this task well, binning can be avoided altogether if the raw
data are treated using a full probability model and model parameters are inferred directly from
the data through, e.g., Bayesian techniques. When data samples appear to be power law
distributed, there are two probability distributions that statisticians use to model them: (i) the
Pareto distribution prescribes a power law probability for the size of a random event, given
that the size can take any fractional value above a given minimum value; (ii) the zeta
distribution also prescribes a power law probability for the size of a random event, which takes
an integer value of at least one. Numbers of fatalities are integer values. So, if one wants to
treat the frequency distributions of such data as a power law, a zeta distribution model must be
assumed, in which the number of fatalities NF has a pmf:
P( N F ) =

N F− (α +1)
ζ (α + 1)

(8.10)

where P(NF) is the probability that NF fatalities will occur in a single random event, α is the
power law exponent, and ζ is the Riemann zeta function. In this model, there is no upper limit
to the number of fatalities that can occur in a single event (Guzzetti et al., 2005b,c).
Each harmful event is treated as an independent and uncorrelated stochastic event, and the
number of fatalities NF is modelled as a ζ random variate. The inventory of harmful events is
combined into likelihood, which is the relative probability that all the harmful events would
cause the observed number of fatalities. It is obtained by multiplying together, for all Ne
events, the probability that each harmful event should have caused the reported number of
fatalities:
L(a | {N F }) = P( N F [1]) × P( N F [2]) × Κ × P( N F [ N e ])

(8.11)

Since each NF is a zeta variate,
L(a | {N F }) =

{N F [1] × N F [2] × Κ × N F [ N e ] }− ( a +1)
{ζ (α + 1)}Ne

(8.12)

One needs to estimate the value of the power law scaling exponent α. Bayes’ theorem allows
to infer the probability distribution of α given the data {NF}. This is called the posterior
distribution of α:
posterior probability (α | {NF}) ∝ likelihood (α |{NF}) × prior probability (α)

1

(8.13)

The probability distribution of a discrete random variable is represented by its probability mass function (pmf).
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The difficulty of a Bayesian analysis lies in the concept implicit in this equation: that one has
some a priori idea of the likely value of the scaling exponent α, and that this idea is revised
when one looks at the data {NF}. The way in which the idea is revised depends on the model
understanding of how likely a certain value of α is, given the observations {NF}: hence the
term “likelihood”. The likelihood moulds the prior probabilistic description of the scaling
exponent α into a posterior probability distribution for α.
Ideally, in a Bayesian analysis the prior distribution has only a very weak effect on the
posterior inference, and most of the information comes from the likelihood. Many Bayesian
treatments use what are called “non-informative” priors, which are designed to be as vague a
statement as possible about the model parameters, so as not to bias the inference unduly. A
uniform distribution is a “weakly informative” prior that provides little information about the
model parameters. The steepness of the power law α-1 is assumed to be anywhere in the range
between -1 and -3. Hence, a weakly informative prior for the zeta scaling exponent takes the
form
prior probability (α) = U(0,2)

(8.14)

Hence, a priori, we consider any value of α between zero and two as equally likely.
The challenge in Bayesian modelling is to turn the proportionality in equation 8.13 into an
equality, i.e. to normalize the right hand side of the equation so that it becomes a true
probability. For most Bayesian models, normalization is only possible through numerical
integration. A method of numerical integration is Markov chain Monte Carlo (MCMC)
sampling, in which (pseudo)random samples are generated in such a way that their distribution
obeys (asymptotically) the posterior distribution. Guzzetti et al. (2005b,c) have implemented
an MCMC solution of the zeta power law distribution model for fatalities caused by natural
hazard using software called WinBUGS (http://www.mrc-bsu.cam.ac.uk/bugs). The results of
the Bayesian MCMC analysis are shown in Figure 8.4.C.
Figure 8.4 allows for a comparison of the results of the Bayesian treatment of the raw data (red
line in Figure 8.4.C) with those of the linear regression fits to the binned data (blue line in
Figure 8.4.B), and with the raw data, in the form of the observed frequency of events (Figure
8.4.A). In the examined period (from 1900 to 2004), the actual frequency of landslide events
that resulted in one fatality was 4.69 (483 events in 103 years). This figure compares to the
estimate of 4.27 obtained from the linear fit of the data, and to the estimate of 4.98 obtained by
the Bayesian model. Hence, for landslide events that resulted in one fatality, the linear
regression fit slightly underestimates the landslide frequency, and the Bayesian model slightly
overestimates the landslide frequency.

8.3.2. Comparison of risk posed by different natural hazards in Italy
For Italy, information exists to compare the societal risk posed by different natural hazards.
Figure 8.5 shows estimates of societal risk for landslides, floods, earthquakes and volcanic
events. The estimates were obtained applying the Bayesian method described in § 8.3.1.2.
Data used to obtain the estimates of societal risk span the period from 1900 to 2004 and were
collected by Guzzetti et al. (2005b,c).
The steepness of the curves in the log-log plots of Figure 8.5 indicates the relative frequency
of the small, less intense events versus the large, more destructive events. For a given number
of fatalities, a steeper curve assesses a lower (predicted) frequency of events than a gently
dipping curve, which predicts a higher frequency of harmful events. Assuming that the more
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intense events, i.e. the events that result in a large number of fatalities, represent a higher
societal risk, a larger frequency of intense events represents a higher societal risk. Based on
this assumption, earthquakes pose the highest societal risk, followed by volcanic eruptions,
landslides and floods. Landslides and floods have similar exponents of the power law scaling.
However, the statistical analysis for landslide fatalities exhibits a slightly lower exponent than
the analysis for flood fatalities, indicating that the (predicted) frequency of intense events is
larger for landslides than for floods. This suggests that in Italy societal risk posed by landslide
events is larger than the corresponding risk posed by floods. The predicted probability for low
intensity events (i.e., fewer than 5 fatalities) is larger for floods and landslides, followed by
earthquakes and by volcanic events. For events having 5 or more fatalities, the probability is
larger for earthquakes. The predicted yearly frequency of landslide and flood events with
fatalities is considerably larger than that for the earthquakes and the volcanic events, at least
up to event with 180-200 fatalities. Mass movements are second only to earthquakes in the
frequency of very large intensity events (> 200 fatalities).
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Figure 8.5 – Societal risk due to landslides (green line), floods (blue line), earthquakes (violet line)
and volcanic events (red line) in Italy. (A) Probability mass function of fatalities. (B) Frequency of
fatal events per year. Data to construct the curves span the period from 1900 to 2004.

Guzzetti et al. (2005c) compared the curves shown in Figure 8.5 with the historical
distribution of the damaging events. The comparison revealed that the frequencies of the very
high intensity events are underestimated. Landslide events with 1000 or more fatalities have
an estimated yearly frequency smaller than 7×10-6. Inspection of the catalogue reveals that
from 1410 to 2004 at least twice (in 1618, at Piuro, and in 1963, at Vajont) individual
landslides killed more than 1000 people. For earthquakes, events with 10,000 fatalities have an
estimated frequency of ~2×10-6. In the available record, 10 events caused more than 10,000
fatalities.
Even considering the uncertainty in the determination of the total number of fatalities and the
confidence intervals for the probabilistic estimates, mismatch exists between the predicted and
the observed frequencies for very large intensity events. This may indicate one or more of the
following: (i) the relationship between fatal events and their consequences is not power-law
distributed over the entire range of fatalities – violating a fundamental assumption of the
adopted model, (ii) fatalities are power law distributed, but the rate of occurrence of small to
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medium intensity events differs from that of high and very high intensity events (a higher rate)
– two power law models are required, one for small events and one for large events, (iii)
human induced events that caused fatalities in very large numbers (e.g., Vajont) bias the
statistics – this may not be applicable to earthquakes or volcanic eruptions, (iv) the uncertainty
in the exact number of fatalities for some of the events affects the statistics, (v) the uncertainty
in establishing the exact cause of fatalities when multiple hazards coexist for the same event –
e.g., fatalities caused by an earthquake and associated tsunami, or by a flood induced by a
landslide (e.g., Vajont); (vi) the increase in population density has affected the rate of the most
catastrophic events significantly in the 20th century – hence, the record of fatal events for the
most recent part of the catalogue (1900-2004) cannot be used to explain the frequency of
events in the entire historical record. The comparison shown in Figure 8.5 puts in the proper
collective perspective the harmful effects of natural hazards on the population in Italy.

8.3.3. Geographical distribution of landslide risk to the population in Italy
The assessments of landslide risk discussed in the previous sections (§ 8.3.1 and § 8.3.2)
provide quantitative estimates for the societal and the individual risk levels in Italy, including
a comparison of risk posed by landslides with those posed by other natural and man-made
hazards. This is important information. However, the examined risk analysis does not provide
insight on the geographical distribution of landslide risk to the population in Italy.
Salvati et al. (2003) published a synoptic map showing the location of sites affected by fatal
landslide and flood events in Italy (Figure 8.6). Analysis of the map reveals that fatal landslide
events occurred in 539 Municipalities (6.6%), and that the fatal events are not equally (or
homogeneously) distributed in the country. Even excluding the areas where harmful events are
not expected (e.g., the large Po and Veneto plains, in northern Italy), the distribution of the
historical harmful landslide events remains inhomogeneous. The northern (Alpine) regions
have suffered more deaths and missing persons (6365) than those in the centre of the country
(1149) and the south (2399). This is largely due to the geological and morphological settings.
In the Alps, abundant loose debris on steep slopes and in mountain catchments makes
destructive debris flows common. The presence of high relative relief and the cropping out of
hard rocks, such as granite, metamorphic rocks, massive limestone and dolomite, encourage
rock falls, rock slides and rock avalanches. Landslides of these types are particularly
dangerous because of their high or very high velocity and considerable momentum. The large
number of casualties in the Campania region of southern Italy is mostly the result of debris
flows in areas where a thin cover of volcanic ash overlies limestone on steep slopes, another
particularly hazardous geological setting.
In Italy, sufficient information exists to attempt the modelling of the geographical distribution
of past fatal landslide events. With some limitation, this can be considered an attempt to model
the geographical distribution of landslide risk to the population. The goal can be achieved
through multivariate modelling of environmental factors. The same factors used to determine
landslide hazard at the national scale (§ 6.4), including morphological, lithological,
pedological, and historical variables, and the same mapping unit (i.e., the municipality), can be
used to determine the spatial occurrence of past fatal landslide events. For simplicity,
municipalities in large plains or open flat areas are excluded from the analysis. Where terrain
gradient is very low, harmful landslides cannot occur. Based on the average terrain gradient
computed from the national 90 m × 90 m DEM, 1499 municipalities with an average slope less
or equal to 0.8 degrees were identified, and excluded from the analysis. As the dependent
variable for the statistical analysis, the presence or absence of fatal landslide events in each
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municipality in the 80-year period from 1900 to 1979 is used. In this period, 639 fatal
landslide events caused 4298 deaths and 46 missing persons, in 420 municipalities. Results of
the statistical modelling are shown in Figure 8.7 and in Tables 8.2 and 8.3.

Figure 8.6 – Map showing the distribution of landslides with human consequences in Italy from AD
1300 to 2002. The size of the symbol indicates the magnitude of the event: Small symbol, 1 dead or
missing person; medium symbol, 2-10 deaths or missing persons; large symbol, more than 10 deaths
or missing persons. Open symbols indicate sites where injured people, homeless people or evaluated
people were reported.
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Figure 8.7 – Map showing the probability of spatial occurrence of fatal landslide events in Italy, on
the basis of local terrain conditions. Probability of spatial occurrence is shown in 10 classes, from very
high (dark violet) to very low (green) values. Dark green colour shows municipalities excluded from
the analysis on the basis of average terrain gradient. Black dots show municipalities that suffered fatal
landslides in the 80-year period from 1900 to 1979. The pie chart shows the number (red) and the
percentage (blue) of municipalities in each probability class.

Figure 8.7 shows the probability of spatial occurrence of fatal landslide events, given a set of
geo-environmental conditions. This is equivalent to susceptibility, i.e., the likelihood of a
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landslide event with fatalities occurring in a municipality on the basis of the local terrain
setting (§ 7.) For display purposes, in Figure 8.7 the probability of spatial occurrence of fatal
landslide events is shown in 10 classes, from very high (dark violet) to very low (green)
values. In the map, municipalities excluded from the analysis on the basis of the very low
mean terrain gradient are shown in dark green. The pie chart shows the number (in red) and
the percentage (in blue) of municipalities in each probability class.
Table 8.2 lists the 13 variables selected by a stepwise discriminant function as the best
predictors of the occurrence of fatal landslide events in the municipalities. The standardized
discriminant function coefficients (SDFC) show the relative importance of each variable as a
predictor of landslide risk to the population in Italy. Variables with large coefficients (in
absolute value) are strongly associated with the presence or the absence of fatal landslide
events in the municipalities. The sign of the coefficient tells if the variable is positively or
negatively correlated to the occurrence of fatal events. Inspection of Table 8.2 reveals that the
range in slope angle (0.792), the presence of regosols (0.629), lithosols (0.356) and of volcanic
soils (0.308) are the conditions most correlated to the occurrence of fatal landslide events.
Table 8.2 – Variables entered into the discriminant model as the best predictors of the presence of fatal
landslide events in the 6604 municipalities exhibiting average terrain gradient greater than 0.8 degrees.
Most important standardized discriminant function coefficients (SDFC) are shown in bold. Negative or
positive sign of the coefficients indicates variables contributing toward risk (green) or safety (red).
VARIABLES DESCRIPTION
Mean terrain elevation
Podzolic soil
Sandstone
Low grade metamorphic rocks
Plain area
Podsols
Maximum mean annual rainfall
Historical events in neighbouring municipalities
Drainage network area
Volcanic soil
Lithosols
Regosols
Range in terrain slope

SDFC
-.275
-.115
-.090
.111
.177
.204
.211
.255
.285
.308
.356
.629
.792

Table 8.3 shows a comparison between the municipalities classified as “safe” or “at risk” by
the model (columns), and the municipalities that did not or did suffer fatal landslides in the
period from 1900 to 1979 (rows). The table also shows the overall model correct
classification, which is 74.4%. The latter figure indicates that about ¾ of the municipalities
defined “at risk” or “safe” by the model, did or did not experience fatal landslides in the
considered period, respectively. Inspection of Table 8.3 indicates that, among the
municipalities that were correctly classified by the discriminant model, those that did not
suffer fatalities were classified more efficiently (i.e., in larger number, 75.1%) that those that
experienced fatal landslide events (only 64.8%). We attribute the difference in the model
ability to classify municipalities “at risk” or “safe”, to the much larger number of
municipalities that did not suffered fatal landslide events (6184, 93%) in the catalogue, and the
correspondingly much lower number of municipalities with landslide fatalities (420, 7%).
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Statistical classification methods, such as discriminant analysis used here, suffer from large
inequalities between the two groups.
Table 8.3 – Comparison between municipalities classified as safe or at risk by the model, and
municipalities that experienced or did not experience fatal landslides in the period from 1900 to 1979.

GROUP 1 GROUP 0

ACTUAL GROUPS
(CATALOGUE)

PREDICTED GROUPS (MODEL)
GROUP 0
SAFE MUNICIPALITIES

GROUP 1
MUNICIPALITIES AT RISK

MUNICIPALITIES THAT
EXPERIENCED FATAL LANDSLIDE
EVENTS

75.1 %
(class 1)

24.9 %
(class 3)

MUNICIPALITIES THAT DID NOT
EXPERIENCE FATAL LANDSLIDE
EVENTS

35.2 %
(class 4)

64.8 %
(class 2)

Overall percentage of municipalities correctly classified is 74.4%.

As previously discussed (e.g., § 6.5.1.2), Table 8.3 reveals model fit, but does not prove the
ability of the model to predict the spatial occurrence of “future” fatal landslides. For this
purpose, a form of temporal model validation is required (Chung and Fabbri, 2003). This can
be obtained by comparing the forecasted spatial distribution of fatal landslide events as
predicted by the model, with the distribution of fatal landslides occurred in a period not used
to construct the model. The catalogue of historical fatal landslide events covers the period
from 1900 to 2004. To prepare the statistical model, the portion of the model for the 80-year
period between 1900 and 1979 was used. One can use the remaining 25-year period from 1980
and 2004 to validate the model (validation period). In the validation period, the historical
catalogue lists 210 fatal landslide events that produced 829 deaths and 39 missing persons, in
170 municipalities.
Two tests can be performed to evaluate the model ability to predict “future” fatal events. The
first test consists in computing the number of municipalities that suffered fatal landslide events
in the validation period, in each probability class. The second test is similar, and requires
computing the total number of fatalities recorded during the validation period, in each
probability class. Results are shown in Figure 8.8. In this figure, the histograms show the
number of municipalities (Figure 8.8.A) and the number of fatalities (Figure 8.8.B) in each
probability class, and the curves show the cumulative number of municipalities that suffered
fatalities (Figure 8.8.A) and the cumulative number of fatalities (Figure 8.8.B) in each
probability class. Bars are shown using the same colours used to display the spatial probability
in Figure 8.7. Inspection of Figure 8.8.A reveals that 59.2% of the fatal landslide events in the
period between 1980 and 2004 occurred in municipalities classified at very high (22.9%, dark
violet and violet) or high (36.3%, dark red and red) risk, and 20.6% of the 210 fatal landslide
events occurred in municipalities predicted having a low (15.9%, light and dark yellow) or
very low (4.7%, light green and green) risk. The remaining 20% of the fatal events occurred in
municipalities of uncertain classification (dark and light orange colours). Analysis of Figure
8.8.B indicates that 53.4% of the landslide fatalities in the 25-year validation period occurred
in municipalities classified at very high (15.4%, dark violet and violet) or high (38.0%, dark
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red and red) risk, and that 7.3% of the fatalities occurred in municipalities predicted having a
low (4.9%) or very low (2.4%) risk. A large number of fatalities (340, 39.3%) occurred in
municipalities of uncertain classification.
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Figure 8.8 – Validation of the model predicting the probability of spatial occurrence of fatal landslide
events in Italy. Validation period is the 25-year period from 1980 to 2004. (A) Percentage (histogram)
and cumulative percentage (blue line) of municipalities classified by the model in 10 probability
classes. (B) Percentage (histogram) and cumulative percentage (blue line) of fatalities in the
municipalities classified by the model in 10 probability classes. Bar colours match colours used to
display landslide probability in Figure 8.7.

8.3.3.1. Discussion

Strictly speaking, the model discussed before is a susceptibility model (§ 6). Indeed, the model
aims at explaining the spatial (geographical) distribution of the areas (the municipalities)
where past fatal landslide events have occurred. Assuming that all conditions have remained
the same – and this may not be the case (e.g., population and population density have changed
significantly in Italy, see Figure 8.3) – the model can help predict where fatal landslide events
may occur in the future in Italy. In recent years, the Italian Government and the National
Department of Civil Protection have repeatedly attempted to establish a compulsory national
insurance against natural hazards. The attempts have failed. Among the reasons for the
inability to establish the mandatory insurance was the lack of a credible rationale for
establishing such insurance. The describe analysis, despite its uncertainties and limitations,
provides the data, the rationale and a preliminary analysis of the risk posed by landslides to the
population of Italy, and it may contribute to the establishment of compulsory insurance.

8.3.4. Landslide risk to vehicles and pedestrians along roads
A particular case of risk to individuals is the risk imposed by landslides to vehicles and
pedestrians. In the literature, attempts have been made to evaluate quantitatively
(probabilistically) the risk posed by rapid moving slope failures (e.g., rock falls) to vehicles or
pedestrians travelling along roads subject to landslide hazards (Pierson et al., 1990; Bunce et
al., 1997, Hungr and Beckie, 1998; Hungr et al., 1999; Budetta, 2002; Budetta and Panico,
2002). In particular, the “Rockfall Hazard Rating System”, introduced by the Oregon Highway
Division (Pierson et al., 1990), uses a simple approach to estimate rock fall risk to vehicles
based on the calculation of the average vehicle risk index, AVR, given by:
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AVR =

LH × VH × ADT
PSL

(8.15)

where, LH is the length of the hazard zone, in km, VH is the percentage of a vehicle that at any
time can be expected to be within the hazard zone, ADT is the average daily traffic, i.e., the
number of cars per day along the examined road, and PSL is the posted speed limit, in km/h.
AVR measures the percentage of time a vehicle is present in a rock fall hazard zone, or the
average number of vehicles expected in a hazard zone at any time. Values of AVR smaller that
100% indicate that less than one vehicle is expected in the hazard zone at any time. Values of
AVR greater than 100% indicate that, on average, more than one vehicle is expected within the
hazard zone at any time.
8.3.4.1. Landslide risk to vehicles along the Nera River and the Corno River valleys

In § 7.5, the hazard posed by rock falls along the Nera River and the Corno River valleys was
examined. Rock fall hazard was ascertained through the combined analysis of: (i) the
recurrence of rock fall events, determined from historical information, (ii) the frequencyvolume statistics of rock falls in the area, obtained from a recent event inventory, and (iii) the
results of a process-based, spatially distributed rock fall simulation model. The available
information on rock fall hazards was combined in a GIS with a map of the transportation
network to identify the road sections potentially subject to rock falls. Information on the
location and type of rock fall defensive measures, including revetment nets, elastic fences,
concrete walls and artificial tunnels, was used to estimate the efficacy of the defensive
structures and to determine the level of the residual rock fall risk along the roads. Despite the
installation of new and extensive defensive measures, residual rock fall risk was found to be
still important along the roads in the Nera River valley.
Given the available information on rock fall hazard in the Nera River and the Corno River
valleys (§ 7.5.3), an attempt can be made to measure the risk to the vehicles travelling along
two regional roads (SS 209 and SS 305) located at or close to the bottom of the valleys. The
position and length of the roads is known from topographic base maps at 1:10,000 and 1:5000
scale. The length of the roads in each hazard class is obtained in a GIS by intersecting the road
and the hazard maps. To calculate the AVR index the following assumptions are made: (i) an
average value of 5 meter is selected for the vehicle length; (ii) and VH, the percentage of the
vehicle expected to be within the hazard zone, is set to 100%; (iii) ADT is set to 3000 vehicles
per day, based on information from the Regional Transportation Office; (iv) the average speed
limit is set to 70 km/h; (v) the traffic is considered uniform during the day; and (vi) the
distance between vehicles is considered constant, for simplicity.
Three estimates of the risk imposed by rock falls to vehicles were performed, and results are
summarized in Table 8.4 (see also § 7.5.3). The first risk estimate was obtained not
considering the presence of the existing rock fall defensive structures (i.e., revetment nets,
elastic fences, concrete walls and artificial tunnels) (Table 8.4.A). For the second estimate all
the defensive measures were considered in the analysis, regardless of their efficacy in
mitigating rock fall hazards (Table 8.4.B). Lastly, the third estimate considered solely the
retaining structures that were judged to be (totally) effective in the mitigation of rock fall
hazards (Table 8.4.C). For the three hazard estimates, the average time a vehicle travelling the
average speed at 70 km/h will remain in each hazardous zone, and the average number of
vehicles expected at any time in the hazard zones were calculated. Results are listed in Table
8.4.
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Table 8.4 – Rock fall risk to vehicles travelling along two regional roads in the Nera River and the
Corno River valleys. See § 7.5 for explanation of hazard classes and rock fall hazard modelling. (A)
Risk to vehicles not considering the existing rock fall defensive structures. (B) Risk to vehicles
considering all existing rock fall defensive structures. (C) Risk to vehicles considering only rock fall
defensive structures that are effective in mitigating rock fall hazard. AVR shows the number of vehicles
per day in each hazard class. Travel time, time and percent of time a vehicle travelling at 70 km/h will
remain in each hazard class. Cars, is the expected number of vehicles at any time in each hazard class.
ROCK FALL HAZARD
CLASS

ROAD
LENGTH
km

AVR

TRAVEL TIME

CARS

%

minutes

#

A

Very low (VL)
Low (L)
Intermediate (M)
High (H)
Very High (VH)
Total

2.36
1.83
1.84
2.13
0.90
9.06

10,114
7843
7886
9129
3857
38,829

26.05
20.20
20.31
23.51
9.93

2.02
1.57
1.58
1.83
0.77
7.77

4.21
3.27
3.29
3.80
1.61
16.18

B

Very low (VL)
Low (L)
Intermediate (M)
High (H)
Very High (VH)
Total

1.08
0.82
0.54
0.44
0.03
2.91

4629
3514
2314
1886
129
12,471

37.11
28.18
18.56
15.12
1.03

0.93
0.70
0.46
0.38
0.03
2.49

1.93
1.46
0.96
0.79
0.05
5.20

C

Very low (VL)
Low (L)
Intermediate (M)
High (H)
Very High (VH)
Total

1.26
0.89
0.80
0.94
0.18
4.07

5400
3814
3429
4029
771
17,443

30.96
21.87
19.66
23.10
4.42

1.08
0.76
0.69
0.81
0.15
3.49

2.25
1.59
1.43
1.68
0.32
7.27

Analysis of the results indicates that the existing rock fall defensive measures greatly reduce
the AVR, but confirms that a level of residual risk still exists along the considered regional
roads in the Nera River and the Corno River valleys. Reduction of the AVR, of the average
time a vehicle will remain in a dangerous zone, and of the total number of vehicles in
hazardous areas, is higher where rock fall risk is estimated to be very high (VH). This confirms
that rock fall defensive structures were installed where the hazard was most severe. The
analysis also suggests that even where the hazard is not particularly severe, rock fall risk to the
vehicles is not negligible, particularly where the expected frequency of rock falls is high.

8.4. Geomorphological landslide risk evaluation
Cardinali et al. (2002b), Guzzetti et al. (2004) and Reichenbach et al. (2005) described an
attempt to determine qualitative landslide risk levels in Umbria. The method is based on the
geomorphological interpretation of multiple sets of aerial photographs of different ages (a
process of multi-temporal landslide mapping), aided by the analysis of historical information
on past landslide events. The method involves the definition of the study area and the careful
scrutiny of the “state of nature”, i.e., of all the existing and past landslides that can be
identified in the study area. The possible short term evolution of the slopes, the probable type
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of failures and their expected frequency of occurrence, are inferred from the observed changes
in the distribution and pattern of landslides. The information is used to estimate the landslide
hazard, and to evaluate specific and total levels of landslide risk. More precisely, the method
involves: (i) the preliminary definition of the extent of the study area, (ii) the compilation of a
multi-temporal landslide inventory map, including landslide classification, (iii) the definition
of landslide hazard zones, (iv) the assessment of landslide hazard, using a two-digit positional
index, (v) the identification and mapping of the elements at risk, including an assessment of
their vulnerability to different landslide types, (vi) the evaluation of specific landslide risk,
using a three-digit positional index, and (vii) the determination of total landslide risk levels.
The proposed method is a form of Structured Expert Judgment.

8.4.1. Definition of the study area
Preliminary to the landslide hazards and risk assessment is the definition of the area to be
investigated. This apparently trivial problem is essential to the analysis and the application of
the results. For the purpose of the investigation, a “site” was defined as an area bounded by
drainage and divide lines around the place selected for the landslide risk assessment. Thus, a
site is an ensemble of one or more adjacent “elementary slopes” or watersheds. In general,
major divides and drainage lines are used to outline a site. Where this is not possible, minor
divides or drainage lines are used. In Umbria, mapping of elementary slopes or watersheds
was accomplished at 1:10,000 scale, using large-scale topographic base maps, locally aided by
the analysis of recent, large and medium scale aerial photographs. At each site, the number
and the extent of the elementary slopes depended on the local geological and morphological
setting, and on the type, number and extent of landslides.

8.4.2. Multi-temporal landslide map
For each site, the spatial distribution of landslides is ascertained through the interpretation of
multiple sets of vertical, stereoscopic aerial photographs, and detailed field surveys. In
Umbria, for a period of about 60 years (from 1941 to 2001), seven sets of aerial photographs
taken in different years are available. The oldest photographs were taken in 1941, and the
youngest in 1997. Nominal scale of the aerial photographs ranged from 1:13,000 to 1:73,000.
Only three sets of photographs cover the entire territory, whereas the other flights were limited
to specific areas. Field surveys used to complete the inventory and to test the methodology
were carried out mostly in the years 2000 and 2001 (Antonini et al., 2002a).
To prepare the multi-temporal landslide inventory map, landslides were first identified on
aerial photographs taken in 1954-55. This set was selected because it was the oldest flight
covering the entire Region, because the aerial images were taken in a period when intense
cultivation of the land by mechanical equipments had not started, and the forms of old and
recent landslides were clearly visible on the photographs (Guzzetti and Cardinali, 1989, 1990).
The other sets of aerial photographs were analysed separately and in conjunction with the
1954-55 photographs and with the other flights. In this way separate landslide inventory maps
were prepared, one for each set of aerial photographs and for the field surveys. Landslide
information collected through the interpretation of aerial photographs or mapped in the field
was transferred to 1:10,000 scale topographic base maps. The different landslide maps were
overlaid and merged to obtain a single, multi-temporal landslide inventory map (§ 3.3.4). The
process required adjustments to eliminate positional and drafting errors. The multi-temporal
landslide inventory map was then digitised and stored into a GIS database.
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In the separate inventory maps and in the multi-temporal inventory, landslides were classified
according to the type of movement, and the estimated age, activity, depth, and velocity. A
degree of certainty in the recognition of the landslide was also attributed. Landslide type was
defined according to Varnes (1978), and the International Geotechnical societies’ UNESCO
Working Party on World Landslide Inventory, WP/WLI (1990, 1993, 1995). Landslide age,
activity, depth, and velocity were decided based on the type of movement, the morphological
characteristics and appearance of the landslide on the aerial photographs and in the field, the
local lithological and structural settings, the date of the aerial photographs, and the results of
site specific investigations carried out to solve local instability problems (Antonini et al.
2002a). Landslide relative age was defined as recent, old or very old, despite ambiguity in the
definition of the age of a mass movement based on its appearance (McCalpin, 1984).
Landslides were classified active where they appeared fresh on the aerial photographs, or
where movement was known from monitoring systems. Mass movements were classified as
deep seated or shallow, depending on the type of movement and the landslide volume. The
latter was based on the type of failure, and the morphology and geometry of the detachment
area and the deposition zone. Landslide velocity was considered a proxy of landslide type, and
classified accordingly. Rotational or translational slides, slide earth-flows, flows, and complex
or compound slides were classified as slow moving failures. Debris flows were classified as
rapid movements. Rock falls and topples were classified as fast moving landslides (WP/WLI,
1995). The adopted classification scheme, and in particular the evaluation of landslide age,
activity, velocity and depth, included uncertainty and undoubtedly suffered from
simplifications. The classification required geomorphological inference, but fitted the
available information on landslide types and process in Umbria (e.g., Felicioni et al., 1994;
Guzzetti et al., 1996, 2003a, 2004; Cardinali et al., 2002b); Reichenbach et al., 2005).

8.4.3. Landslide frequency
Information on landslide frequency is essential to assess landslide hazard. The frequency of
slope failures can be obtained through the analysis of historical records of landslide occurrence
(Guzzetti et al., 1999b). In general, a complete record of past landslides from which to derive
the frequency of occurrence of landslide events is difficult to obtain for a single landslide or a
slope (Tommasi et al., 1986; Ibsen and Brunsden, 1996; Glade, 1998; Guzzetti et al., 1999b).
In the investigated areas, landslide frequency was ascertained based on the analysis of the
multi-temporal inventory map. Four classes of landslide frequency were defined based on the
number of events recognized in the 47-year observation period from 1954 to 2001 (Table 8.5).
Table 8.5 – Geomorphological landslide risk assessment in Umbria. Frequency of landslide events, FL.
LANDSLIDE FREQUENCY
CATEGORY INDEX
Low
Medium
High
Very high

1
2
3
4

EVENTS IN THE OBSERVATION PERIOD

RATIO
1/47 (0.02)
2/47 (0.04)
3/47 (0.06)
> 3/47 (> 0.06)

1
2
3
>3

The frequency of landslides, FL, during the observation period was ascertained based on: (i)
the number of events inferred from the analysis of the aerial photographs, (ii) the landslide
events observed in the field, and (iii) the information on landslide events obtained from
technical reports, historical accounts and chronicles. No distinction was made between events
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inferred through the interpretation of aerial photographs and events identified in the field or
described in technical or historical reports.

8.4.4. Landslide intensity
Definition of landslide hazard requires information on landslide intensity (or magnitude,
Guzzetti et al., 1999a). For the Umbria Region landslide intensity, IL, was assumed to be a
measure of the destructiveness of the landslide (Hungr, 1997; Raetzo et al., 2002), and was
defined as a function of the landslide volume, vL, and of the landslide expected velocity, sL,
I L = f ( vL , sL )
(8.16)
Table 8.6 shows how the intensity level was assigned to each landslide based on the estimated
volume and the expected velocity. Landslide volume (vL) was estimated based on the landslide
type defined in the inventory map. For slow moving landslides, volume depends on the
estimated depth of movements; for rapid moving debris flows on the size of the contributing
catchment and on the estimated volume of debris in the source areas and along the channels;
for fast moving rock falls on the maximum size of a single block, obtained from field
observations, or from the estimated volume of rock slide deposits. The expected landslide
velocity depends on the type of failure, its volume and the estimated depth of movement. For
any given landslide volume, rock falls were assigned the highest landslide intensity, debris
flows an intermediate intensity, and slow moving landslides the lowest intensity.
Table 8.6 – Geomorphologic landslide risk assessment in Umbria. Landslide intensity, IL, in four
classes, based on the estimated landslide volume, vL, and the expected landslide velocity, sL.
ESTIMATED LANDSLIDE VOLUME
(m3)
< 0.001
0.001 – 0.5
0.5 – 500
500 – 10,000
10,000 – 500,000
> 500,000
>> 500,000

EXPECTED LANDSLIDE VELOCITY
FAST-MOVING RAPID-MOVING SLOW-MOVING
ROCK FALL

Slight (1)
Medium (2)
High (3)
High (3)
Very High (4)

DEBRIS FLOW

Slight (1)
Medium (2)
High (3)
Very High (4)

SLIDE

Slight (1)
Medium (2)
High (3)
Very High (4)

8.4.5. Landslide Hazard Zones
Landslide hazard was evaluated in the areas of evolution of existing (i.e., mapped) landslides.
For the purpose, the concept of “landslide hazard zone” (LHZ) was introduced. A LHZ was
defined as the area of possible (or probable) short-term evolution of an existing landslide, or a
group of landslides, of similar characteristics (i.e., type, volume, depth, velocity), identified
from the aerial photographs or observed in the field. In a LHZ an existing landslide can grow
upslope, develop down slope, or expand laterally. A LHZ is therefore a form of landslide
scenario designed using geomorphological inference.
The multi-temporal landslide inventory map was exploited to identify and map a LHZ. Within
each elementary slope, the area of possible evolution of each landslide, or group of landslides,
was mapped based on the observed location, distribution and pattern of landslides, their style
of movement and activity, and the local lithological and morphological setting. To design a
LHZ, the observed partial or total reactivation of the existing landslides, the lateral, head
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(retrogressive) or toe (progressive) expansion of the existing landslides, and the possible
occurrence of new landslides of similar type and intensity were considered.
Separate landslide scenarios were identified for the different type of failures observed in the
elementary slope, e.g., fast-moving rock falls and topples, rapid-moving debris flows, and
slow-moving slump earth-flows, block slides or compound failures. LHZ included the crown
area and the deposit of the existing landslides, and the area of possible direct or indirect
influence of the landslide. LHZs were identified based on the local topographic,
morphological and geological settings, and the type and extent of landslides. For slow-moving
failures (e.g., slide, slump earth-flow, block slides, and compound failures) LHZ was limited
to the surroundings of the existing landslide, or group of landslides. This limitation is justified
in Umbria where the evolution of these landslides is predictable in space (Cardinali et al.,
2000). For relict (i.e., very old) landslides the LHZ overlapped in places with the entire
elementary slope. For debris flows the LHZ included the source areas, the river channels and
the depositional areas on alluvial or debris fans. For rock falls, topples and minor rock slides,
LHZ included the rock cliffs from where landslides detached, and the talus, debris cones, or
debris slopes along which rock falls travelled, and the places where they deposited.

8.4.6. Landslide hazard assessment
Landslide hazard depends on the frequency of landslide movements (FL) and on the landslide
intensity (IL), or
H L = f ( FL , I L )
(8.17)
The estimate of landslide hazard, HL, was obtained by combining the value of landslide
frequency, ascertained based on the number of landslide events of the same type observed
within each LHZ (Table 8.5), and landslide intensity, in four classes, based on the estimated
landslide volume and the expected landslide velocity (Table 8.6). Levels of landslide hazard
were shown using a two-digit, positional index (Table 8.7). In this index, the right digit
indicates the landslide intensity, IL, and the left digit shows the estimated landslide frequency,
FL. The index expresses landslide hazard keeping distinct the two components of the hazard.
This facilitates landslide hazard zoning, allowing the user of the zoning to understand if hazard
is due to a high frequency of landslides (i.e., high recurrence), to a large intensity (i.e., large
volume and high velocity), or to both.
Table 8.7 – Geomorphological landslide risk assessment in Umbria. Landslide hazard (HL) classes
based on estimated landslide frequency, FL (Table 8.1) and landslide intensity, IL (Table 8.2).
LANDSLIDE INTENSITY
ESTIMATED LANDSLIDE
FREQUENCY
SLIGHT (1) MEDIUM (2) HIGH (3) VERY HIGH (4)
LOW (1)
MEDIUM (2)
HIGH (3)
VERY HIGH (4)

11
21
31
41

12
22
32
42

13
23
33
43

14
24
34
44

It should be understood that values of the landslide hazard index in Table 8.7 do not provide
an absolute rank of hazard levels. Although extreme values are easily defined, intermediate
conditions of landslide hazard are more difficult to rank. A landslide that exhibits a low
frequency and a slight intensity (HL = 11) will certainly have a hazard much lower than a
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landslide exhibiting very high frequency and intensity (HL = 44). Deciding if the hazard of a
landslide with a very high frequency and a slight intensity (HL = 41) is higher (or lower) than
that of a landslide with a low frequency and a very high intensity (HL = 14) is not
straightforward, and may be a matter of local judgement.

8.4.7. Vulnerability of elements at risk
To ascertain risk, one needs to know the type and location of the vulnerable elements (§ 8.2.1).
Information on the elements at risk was compiled through the preparation of specific maps at
1:10,000. These maps showed the location and type of the built up areas, the structures and the
infrastructure, and were obtained by analysing large-scale topographic base maps, and the
most recent aerial photographs available for each study area. Care was taken in precisely
locating the elements at risk within or in the vicinity of the landslides and the LHZ. Maps
showing vulnerable elements were digitised, registered to the multi-temporal landslide map,
and stored into a GIS database.
To classify the elements at risk a legend with eleven classes was adopted (Table 8.8). Of the
eleven classes, six referred to built-up areas and structures (houses, buildings, industry and
farms, sports centres, and cemeteries), four to the transportation network (roads and railways),
and one to mining activities (quarries). For the risk to the population, the assumption was
made that houses, buildings and roads in the study area were a proxy for population density,
and the population was considered to be vulnerable because of the presence of structures and
infrastructure. As an example, in a densely populated zone vulnerability to the population was
considered higher than for sparse, farming structures. Along a secondary road vulnerability to
the population was considered lower than along a high transit road.
Table 8.8 – Geomorphological landslide risk assessment in Umbria. Types of element at risk (for
structures and infrastructure).
CODE
HD
LD
IN
FA
SP
Q
MR
SR
FR
RW
C

ELEMENTS AT RISK
Built up areas with a high population density
Built up areas with a low population density and scattered houses
Industries
Animal farms
Sports facilities
Quarries
Main roads, motorways, highways
Secondary roads
Farm and minor roads
Railway lines
Cemeteries

In general, evaluating the vulnerability of the elements at risk to different landslide types is a
difficult and uncertain operation. To estimate vulnerability in Umbria, a straightforward
approach was adopted, based on the inferred relationship between the intensity and type of the
expected landslide, and the likely damage the landslide could cause. Table 8.9 illustrates the
expected damage to buildings and roads, and to the population, if affected by landslides of
different type and intensity. The table was constructed based on the information of the damage
caused by slope failures in Umbria (Felicioni et al., 1994; Alexander, 2000; Cardinali et al.,
2000; Antonini et al., 2002b), field experience and judgement, and on the review of the scant
literature on landslide vulnerability (Morgan et al., 1992; Michael-Leiba et al., 1999, 2003;
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Alexander, 1989, 2000; Fell, 1994, 2000). A crude estimate (i.e., few, many, and very many)
of the number of people potentially subject to landslide risk was also considered, based on the
extent and type of the built-up areas.
In Table 8.9, damage to structures and infrastructure was classified as: (i) aesthetical (or
minor) damage, where the functionality of buildings and roads was not compromised, and the
damage could be repaired, rapidly and at low cost, (ii) functional (moderate or medium)
damage, where the functionality of structures or infrastructure was compromised, and the
damage required time and large resources to be fixed, and (iii) structural (severe or total)
damage, where buildings or transportation routes were severely or completely damaged, and
required extensive work to be fixed, and demolition and reconstruction might be required
(Alexander, 2000). Damage to the population was classified as: (i) direct, where casualties
(deaths, missing persons and injured people) were expected, (ii) indirect, where only socioeconomic damage was expected, and (iii) temporary for permanent loss of private houses (i.e.,
evacuees and homeless people). Direct damage to the population was foreseen for rapid and
fast moving landslides, or for high intensity, slow moving slides. Indirect damage to the
population was assigned where landslides could cause functional or structural damage to
infrastructure, with negative socio-economic effects to public interests. Homeless were
expected where functional or structural damage to buildings was foreseen.
Table 8.9 – Geomorphological landslide risk assessment in Umbria. Vulnerability, WL, the expected
damage to the elements at risk (i.e., buildings, structures and infrastructure) and to the population. For
elements at risk: A, aesthetical (or minor) damage; F, functional (or medium) damage; S, structural (or
total) damage. For population: N, no damage; D, direct damage (fatalities); I, indirect damage; H,
homeless people. For classes of elements at risk see Table 8.8. For landslide intensity see Table 8.6.
ELEMENTS AT RISK

Very
high

High Medium Slight

LANDSLIDE INTENSITY
ROCK FALL
DEBRIS FLOW
SLIDE
ROCK FALL
DEBRIS FLOW
SLIDE
ROCK FALL
DEBRIS FLOW
SLIDE
ROCK FALL
DEBRIS FLOW
SLIDE

STRUCTURES AND INFRASTRUCTURE
POPULATION
BUILDINGS
ROADS
OTHERS
HD LD IN FA SP C MR SR FR RW
Q
A

A

A

A

A

A

A

A

A

A

A

N

A

A

A

A

A

A

A

F

F

A

A

N

A

A

A

A

A

A

A

F

S

A

A

N

F

F

F

F

F

F

F

F

F

F

F

D, I, H

F

F

F

F

F

F

F

F

F

F

F

D, I, H

F

F

F

F

F

F

F

S

S

F

F

I

S

S

S

S

S

S

S

S

S

S

S

D, I, H

S

S

S

S

S

S

S

S

S

S

S

D, I, H

S

S

S

S

S

S

S

S

S

S

S

I, H

S

S

S

S

S

S

S

S

S

S

S

D, I, H

S

S

S

S

S

S

S

S

S

S

S

D, I, H

S

S

S

S

S

S

S

S

S

S

S

I, H

8.4.8. Specific landslide risk
Landslide risk is the result of the complex interaction between the “state of nature” (i.e.,
landslide hazard, (HL) and the expected vulnerability to the elements at risk (WL), or
RS = f ( H L ,WL )
(8.18)
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This general relationship was adopted to ascertain the specific landslide risk, RS, i.e., the risk
at which single or multiple elements (e.g., building, roads, etc.) are subject when a landslide
occurs (Einstein, 1988). Specific landslide risk was defined separately for each class of
elements at risk and for each landslide type present in each LHZ. If more than a single type of
elements at risk was present in a LHZ, a different value of specific risk was computed for each
class.
To determine specific landslide risk Table 8.10 was used, which correlates the expected
damage to the landslide hazard, loosely ranked from low (11) to high (44) values.
Construction of Table 8.6 required extensive discussion, and it was largely based on the
analysis of damage caused by two recent regional landslide events in Umbria (§ 3.3.3): the
rapid snow melting that triggered thousands of failures in January 1997 (Cardinali et al.,
2000), and the Umbria-Marche earthquake sequence of September-October 1997 that caused
mostly rock falls (Antonini et al., 2002b). Information on past landslide damage in Umbria
was also considered (Felicioni et al., 1994; Alexander, 2000).

High Í Landslide Hazard Î Low

Table 8.10 – Geomorphological landslide risk assessment in Umbria. Levels of specific landslide risk,
Rs, based on landslide hazard (HL, Table 8.3) and landslide vulnerability (WL, Table 8.5). Only damage
to elements at risk (structures and infrastructure) is considered. Levels of landslide hazard are loosely
ranked from low (11) to high (44) values.
VULNERABILITY (EXPECTED DAMAGE)
STRUCTURAL
FUNCTIONAL
AESTHETIC
(TOTAL)
(MINOR) DAMAGE (MAJOR) DAMAGE
DAMAGE
A11
F11
S11
11
12
A12
F12
S12
13
A13
F13
S13
A21
F21
S21
21
14
A14
F14
S14
A22
F22
S22
22
23
A23
F23
S23
A31
F31
S31
31
32
A32
F32
S32
A24
F24
S24
24
33
A33
F33
S33
A41
F41
S41
41
42
A42
F42
S42
A34
F34
S34
34
43
A43
F43
S43
44
A44
F44
S44

To show the level of specific risk, a third digit was added to the left of the two-digit landslide
hazard index. The third digit described the expected damage (i.e., aesthetical, functional or
structural, see Table 8.9). Thus, the specific risk index shows, from right to left, the landslide
intensity, the landslide frequency, and the expected damage caused by the specific type of
landslide. As for the hazard index, the landslide specific risk index (RS) does not provide an
absolute ranking of risk levels. The extreme conditions are easily ranked: a house having an RS
= A11 (i.e., aesthetical damage due to a low frequency and slight intensity landslide) poses a
lower risk than a dwelling with RS = S44 (i.e., expected structural damage caused by a very
high frequency and very high intensity landslide). Deciding for the intermediate conditions
may not be straightforward. Decision should be made on a case-by-case basis, considering the
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type of elements at risk, their vulnerability, the possible defensive measures, and the
economical and social implications of landslide risk.

8.4.9. Total landslide risk
Where an absolute ranking of landslide risk is required, total risk has to be determined (Varnes
and the IAEG Commission on Landslides and other Mass–Movements, 1984; Einstein, 1988).
Total landslide risk is the ensemble of all the specific landslide risk levels. Different strategies
can be used to lump the detailed information given by the specific landslide risk index, into a
limited number of classes of total landslide risk. Cardinali et al. (2002b) attributed a value of
total landslide risk to the entire study area, based on the largest specific landslide risk
attributed in the study area. Reichenbach et al. (2005) adopted a different strategy and
attributed to each LHZ a value of total landslide risk, in five classes, based on the type and
severity of the largest specific landslide risk attributed in the LHZ (Table 8.11).
Table 8.11 – Geomorphological landslide risk assessment in Umbria. Relationships between classes of
total landslide risk, type of landslides, and expected damage to structures, infrastructure and the
population in Umbria.
DAMAGE
TOTAL
L
ANDSLIDE TYPE
S
TRUCTURES
AND
RISK
POPULATION
INFRASTRUCTURE
Casualties and homeless
VERY
Rapid
and
fast-moving
Structural
and
functional
people
expected, indirect
HIGH
damage expected
Casualties not expected.
HIGH
Slow-moving
Structural and functional
Homeless people and
indirect damage expected
MEDIUM

Slow-moving, fast and rapidmoving of slight intensity

Aesthetic

Homeless people and
indirect damage expected

LOW

Relict, large, slow-moving of
very low frequency

Structural and functional

Homeless people and
indirect damage expected

VERY
LOW

Landslides are present

Null
(elements at risk not present)

Null
(population not present)

Very high total landslide risk was assigned to LHZs where rapid and fast-moving landslides
could cause direct damage to the population. These were the areas where debris flows and
rock falls could result in casualties or homeless people. High total landslide risk was assigned
to the areas where slow-moving landslides could cause structural and functional damage to
structures and infrastructure. In these areas casualties were not expected. Moderate total
landslide risk was attributed where aesthetic damage to vulnerable elements was expected, as a
consequence of slow moving slope failures and fast or rapid moving landslides of slight
intensity. Large or very large, relict deep-seated landslides could cause structural and
functional damage to structures and infrastructure, homeless people and indirect damage to the
population. Such areas were assigned low total landslide risk, because they were not expected
to move entirely under the present climatic and seismic conditions. Lastly, a very low value of
total landslide risk was assigned where landslides were identified and landslide hazard was
ascertained, but elements at risk or the population were not present in the LHZ.
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8.4.10. Geomorphological landslide risk evaluation in Umbria
The described methodology was utilized to ascertain landslide risk in 79 towns in Umbria
Region (Figure 8.9) (Cardinali et al., 2002b, Guzzetti et al., 2004; Reichenbach et al., 2005).
In the following sub-sections, I present two examples of specific and total landslide risk
assessment for Collevalenza and the Terria villages. Other examples can be found in Cardinali
et al. (2002b) and Reichenbach et al. (2005).

Figure 8.9 – Umbria Region. Location of sites where landslide risk was ascertained. Small dots
show location of 79 sites where landslide risk was ascertained. Large dots show location of sites
discussed in the next two sub-sections. Triangle shows the location of the village of Rotecastello
where risk was determined by Cardinali et al. (2002b). Stars show location of sites described by
Reichenbach et al. (2005).

8.4.10.1. Collevalenza village

The Collevalenza village, in the Todi Municipality, is located in central Umbria and is
constituted by a small historic centre and sparse houses placed along the Provincial road 414.
The village is located on a SE-NO trending divide, at an elevation of about 350 metres a.s.l. In
the area, crop out clay and sand deposits, Plio-Pleistocene in age. Sand predominates at higher
elevation, and clay is most abundant in the lower part of the slopes. In the Collevalenza study
area we identify four elementary slopes, for a total area of about three square kilometres.
For the study area a multi-temporal landslide inventory map was compiled through the
systematic interpretation of three sets of aerial photographs, and field surveys. Aerial
photographs were flown in August 1954 at 1:33,000 scale, in June 1977 at 1:13,000 scale, and
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in April 1997 at 1:20,000 scale. Field surveys were carried out in March 1997, shortly after a
major landslide triggering event (Cardinali et al., 2000), and in February 2001 (Antonini et al.,
2002a). Shallow and deep-seated landslides were identified in the three sets of aerial
photographs, and were classified based on the relative age, inferred from the date of the aerial
photographs, and on the prevalent landslide type (Figure 8.10). A total of 149 landslides were
identified and mapped in the study area, for a total landslide area of 0.96 km2. The territory
affected by slope movements extends for 0.83 km2, equivalent to 26.4% of the study area. In
the study area the transitional and rotational slides originate from the upper part of the slopes,
and down slope from thick layers of sand present along the main divide. Soils, weathered
deposits and pre-existing landslide deposits, allow small, shallow slides and flows to develop.
Relict landslides are present only in the eastern part of the study area. Historical information
and reports on landslide events indicate that slope movements in the area are triggered chiefly
by prolonged rainfall and by rapid snow melting. Such events are relatively frequent in this
part of Umbria.
In the Collevalenza study area 20 LHZs were identified, of which: 10 for slow-moving,
shallow landslides of slight intensity (4-6, 8, 10-13, 15, 17 in Figure 8.10.A and B), 1 for
slow-moving, deep-seated of medium intensity (20 in Figure 8.10.C and D), 7 for slowmoving, deep-seated landslides of medium and high intensity and shallow landslides of slight
intensity (1-3, 7, 9, 14, 16 in Figure 8.10.C and D), and 2 for very old (relict) landslides (18-19
in Figure 8.10.E and F). For each LHZ landslide frequency was obtained through the
interpretation of the available sets of aerial photographs, and from information obtained in the
field in 1997 and 2001 (Table 8.12). In the 47-year observation period, landslide frequency
ranges from low (1 event) to very high (6 events). The highest frequency was observed in a
LHZ where shallow soil slips and earth flows occurred repeatedly (1 in Figure 8.10.A and B).
Several landslides were mapped as active at the date of the photographs or the field surveys.
Information on the location and type of the vulnerable elements in the study area was obtained
from large-scale topographic base maps at 1:10,000 scale, prepared in 1999 from aerial
photographs taken in 1997. By combining this information with the landslide hazard
assessment, specific landslide risk was ascertained for each vulnerable element or group of
vulnerable elements. Separate levels of specific landslide risk were attributed to the vulnerable
elements that were subject to hazards posed by different landslide types. Table 8.12 lists the
results of the risk assessment.
The landslide risk assessment indicated that deep-seated slides of medium to high intensity
and medium frequency (1, 2, 14, 16 in Figure 8.10.C and D) pose the highest threat to the
vulnerable elements in the study area (Table 8.12). In LHZs 1, 2, 14, 16 functional damage to
built-up areas (LD) and structural damage to the transportation network (SR, FR) are expected.
In these LHZs up to 100 homeless people are possible. Significant levels of specific landslide
risk are also expected where shallow landslides with high (8, 9, in Figure 8.10.A and B) or
very high (1, 3, 10, 11, 12, 14, 16 in Figure 8.10.A and B) frequency of occurrence are present.
In these LHZs, damage ranges from structural to aesthetic, and affects mostly low-density
built-up areas (LD), and roads of various categories (SR, FR). Based on the available
information, in the Collevalenza study area shallow landslides are not expected to threaten the
population. The two very old (relict), deep-seated slides identified in the area (18, 19 in Figure
8.10.E and F) exhibit very low frequency and high intensity, and eventually will produce
structural damage to low density build-up areas (LD).
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Figure 8.10 – Specific landslide risk assessment for the village of Collevalenza, central Umbria (see
Figure 8.9 for location). Maps A, C, and E show the multi-temporal inventory for shallow slides,
deep-seated landslides, and large and very old landslides, respectively. Patterns and shades of grey
indicate landslides of different age ascertained from the dates of the aerial photographs. White areas
are LHZs. Maps B, D, and F, show elements at risk and LHZs for shallow slides, deep-seated
landslides, and large and very old landslides, respectively. Patterns and shades of grey indicate
vulnerable elements of different type. Arabic numbers indicate the 20 LHZs identified in the study
area and listed in Table 8. Roman numbers indicate the four elementary slopes. Original maps at
1:10,000 scale.
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Table 8.12 – Collevalenza study area. Classification of specific, RS, and total, RT, landslide risk.
Legend: LHZ, landslide hazard zone; FL, landslide frequency (Table 8.5); IL, landslide intensity (Table
8.6); HL, landslide hazard (Table 8.7); E, type of element at risk (Table 8.8); WL, vulnerability of
elements at risk (Table 8.9); P, vulnerability of population (Table 8.9).
LHZ #

LANDSLIDE TYPE

FL

IL

HL

Deep-seated slide

2

2

22

Shallow slide

6

1

41

Deep-seated slide

2

2

22

Shallow slide

2

1

21

Deep-seated slide

1

2

12

1

2

3
4
5
6
7
8

Shallow slide

5

1

41

Shallow slide
Shallow slide
Shallow slide
Deep-seated slide
Shallow slide
Shallow slide

1
2
1
1
2
3

1
1
1
2
1
1

11
21
11
12
21
31

Deep-seated slide

1

2

12

9
Shallow slide

3

1

31

10

Shallow slide

4

1

41

11

Shallow slide

4

1

41

12
13

Shallow slide
Shallow slide

4
2

1
1

41
21

Deep-seated slide

2

2

22

14
Shallow slide

5

1

41

17

Shallow slide
Deep-seated slide
Shallow slide
Shallow slide

1
2
4
1

1
2
1
1

11
22
41
11

18

Very old, deep-seated slide

1

3

13

19

Very old, deep-seated slide

1

3

13

20

Deep-seated slide

1

2

12

15
16

E

WL

P

RS

LD
SR
LD
SR
LD
SR
LD
SR
LD
SR
LD
SR
FR
N
N
FR
FR
N
LD
FR
LD
FR
N
LD
FR
N
N
LD
FR
LD
FR
N
LD
LD
N
LD
FR
LD
FR
LD
FR

F
S
A
S
F
S
A
S
F
S
A
S
S
S
S
F
S
A
S
A
S
F
S
A
S
F
A
S
S
S
S
F
S

H
N
N
N
H
N
N
N
H
N
N
N
N
N
N
H
N
N
N
N
N
H
N
N
N
H
N
H
N
H
N
H
N

F22
S22
A41
S41
F22
S22
A21
S21
F12
S12
A41
S41
S11
S12
S21
F12
S12
A31
S31
A41
S41
F22
F22
A41
S41
F22
A41
S13
S13
S13
S13
F12
S12

RT
High

High

High
Medium
Very low
Very low
Medium
Very low
Medium
Very low
Medium
Very low
Very low
High
Very low
High
Very low
Low
Low
High
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Inspection of Table 8.12 reveals that in the Collevalenza study area, for eight LHZs (5, 6, 8,
10, 12, 13, 15, 17) levels of landslide hazard were ascertained, but vulnerable elements are not
present (N in Table 8.12). Hence, landslide risk does not presently exist in these LHZs. If
houses, roads, or other elements at risk are constructed in the LHZs, landslide risk will
materialize. It will then be straightforward to determine levels of specific landslide risk, based
on the type of vulnerable elements, and of values of landslide hazard.
Table 8.12 illustrates levels of total landslide risk (RT) for the 20 LHZs identified in the
Collevalenza study area. Total landslide risk is estimated to be high for low-density built-up
areas (LD) where deep-seated landslides are present (1, 2, 3, 7, 9, 14, 16, 18, 19, 20). This is
chiefly because indirect damage to the population and homeless people are expected. Where
low-density settlements (LD) and roads (SR, FR) are affected by shallow slides total landslide
risk is medium (4, 11 in Figures 8.10.A and B). We attribute very low levels of total landslide
risk to LHZs where landslide hazard was determined but that are currently free of vulnerable
elements (5, 6, 8, 10, 12, 13, 15, 17). In these LHZs the estimate of total landslide risk will
change significantly if building, roads, and other structures are constructed.
8.4.10.2. Terria village

Terria is a small village in the Ferentillo Municipality, located near the confluence of the
Terria Torrent with the Nera River on a south facing slope at an elevation of 400 meters
(Figure 8.11). The Terria Torrent drains a small and steep catchment that extends for about 5
km2 on the western slope of Mount Birbone. Elevation in the area ranges from 260 meters, at
the confluence with the Nera River, to 1426 m at the top of the ridge. In the lower part of the
catchment, where the village is located, slopes are very steep, sub-vertical where rock cliffs
are present. A large and old alluvial fan is present at the confluence of the Terria Torrent with
the Nera River. The central part of the fan is deeply incised. On the middle and upper parts of
the Terria catchment, slopes are regular, with a gradient of about 25-30 degrees. In the area
crop out layered limestone, Jurassic to Cretaceous in age. Bedding dips regularly towards
West, with an angle of about 30°. Along the Nera River and down slope from the main rock
escarpments, debris deposits, 1 to 5 meters thick, are locally present (Guzzetti et al., 2004).
In the Terria study area single elementary slope was identified, comprising the entire
catchment of the Terria Torrent, for a total area of about five square kilometers (Figure 8.11).
For the study area, the multi-temporal landslide inventory map was obtained by studying four
sets of aerial photographs, and through field surveys. Aerial photographs were taken in August
1954 at 1:33,000 scale, in June 1977 at 1:13,000 scale, in 1993 at 1:36,000 scale, and in 1998
at 1:28,000 scale. Field surveys were completed in June 2000 (Antonini et al., 2002a). Figure
8.11.A shows the landslides identified in the study area. Landslides were classified based on
the prevalent type of movement and estimated age, inferred from the date of the aerial
photographs. On the upper part of the catchment, a single large deep-seated and complex slide
and a few small debris flows are present. Inspection of the inventory map reveals that
landslides, mostly debris flows and rock falls, concentrate in the lower and middle part of the
Terria catchment. Debris flow sources and channels were identified as active in the 1954 and
the 1977 aerial photographs. Debris flow deposits and rock fall source areas cover a total of 20
hectares, 4% of the study area. Comparison of the 1954 and 1977 aerial photographs revealed
a different road track on the apex of the alluvial fan located at the mouth of the Terria
catchment. During the 24-year period from 1954 and 1977 one or more flash flood events
associated with minor debris flows must have occurred in the area, inundating the road and
producing damage. Fast-moving rock falls occur from the rock cliffs located mostly in the
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lower part of the catchment, where the main road and the village are located. On the 27
January 1998, boulders damaged the road connecting the village to the Regional Road 209,
along the Nera River valley. Retaining nets were installed to protect the village from rock
falls.
A

B

C

D

Figure 8.11 – Specific landslide risk assessment for the village of Terria, Umbria region (see Figure
8.9 for location). Map A shows the multi-temporal inventory map prepared by interpreting four sets
of aerial photographs, taken in the period from 1954 to 1998, and field surveys in 2000. Patterns,
symbols and shades of grey indicate landslides of different type and age. Maps B, C, and D, show
landslide hazard zones (and elements at risk) for large debris flows, moderate debris flows, and
rock falls, respectively. Arabic numbers refer to the 14 LHZs identified in the study area and listed
in Table 8.13. Original maps at 1:10,000 scale.

Fourteen LHZs were identified in the Terria study area, of which: six for rapid moving debris
flows with an expected volume of less than 10,000 cubic meters (1, 2, 3, 4, 5, 6 in Figure
8.11.B), one for rapid moving debris flows with an expected volume larger than 10,000 m3 (7
in Figure 8.11.C), and seven for fast-moving rock falls (8, 9, 10, 11, 12, 13, 14 in Figure
8.11.D). For each LHZ landslide frequency was ascertained through the interpretation of the
available aerial photographs, the historical information, and field reconnaissance in the area.
For debris flows, landslide frequency was found ranging from low (1 event) to high (3 events).
For rock falls landslide frequency was assigned as high, based on the available historical
information and the field observations. Information on the location and type of the vulnerable
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elements in the study area was obtained from large-scale topographic maps at 1:10,000 scale
prepared in 1992, and from aerial photographs taken in 1986 and in 1997. By combining this
information with the landslide hazard assessment, levels of specific landslide risk were
ascertained for each vulnerable element or group of vulnerable elements. Separate levels of
specific landslide risk were attributed to the vulnerable elements that were subject to hazards
posed by different landslide types. Table 8.13 lists the results of the risk assessment.
Based on the obtained risk assessment, in the Terria study area, fast-moving rock falls and
rapid-moving debris flows pose the highest threat. Field evidence, information on past
landslide events, and the location of the vulnerable elements with respect to the rock fall
source, travel and deposition areas, together contribute to very high levels of specific landslide
risk to vulnerable elements and the population. In the areas where rock falls occurred in the
past, total or partial destruction of buildings (HD) and functional damage of roads (SR) is
expected. The assessment does not consider the mitigating effect of the existing rock fall
defensive structures (i.e., retaining nets) because the existing structures may not be adequate in
stopping all rock falls (Guzzetti et al., 2003, 2004). Where rock falls are expected, fatalities
and homeless people are possible. The lower part of the Terria catchment is subject to debris
flows. In this area, debris flows can produce structural damage to buildings (HD, LD, FA) and
roads (SR), and can cause direct damage to the population, including homeless people. In the
medium part of the catchment, debris flow of slight intensity can produce aesthetic damage to
buildings (HD) and functional damage to roads (SR).
Table 8.13 illustrates total landslide risk for the Terria study area. Total landslide risk was
estimated to be very high where fast-moving rock falls and rapid-moving debris flows of high
intensity are expected, casualties and structural damage to high density settlements and
secondary roads are possible. Moderate total risk was considered possible where debris flows
of slight intensity are expected.
Table 8.13 – Terria study area. Classification of specific, RS, and total, RT, landslide risk. Legend: LHZ,
landslide hazard zone; FL, landslide frequency (Table 8.5); IL, landslide intensity (Table 8.6); HL,
landslide hazard (Table 8.7); E, type of element at risk (Table 8.8); WL, vulnerability of elements at risk
(Table 8.9); P, vulnerability of population (Table 8.9).
LHZ # LANDSLIDE TYPE FL IL HL E WL
P
RS
RT
HD A
N
A31
1
Debris flow
3 1 31
Moderate
SR F
N
F31
2
Debris flow
2 2 21
Very low
3
Debris flow
1 2 12
Very low
4
Debris flow
1 1 11
Very low
5
Debris flow
1 1 11
Very low
6
Debris flow
2 1 21
Very low
HD S D, H S 1 3
LD S D, H S 1 3
7
Debris flow
1 3 13
Very high
SR S
D
S13
FA S
D
S13
8
Rock falls
3 2 32
Very low
9
Rock falls
3 2 3 2 SR F
D
F 3 2 Very high
10
Rock falls
3 2 32
Very low
11
Rock falls
3 2 3 2 HD F D, H F 3 2 Very high
12
Rock falls
3 2 32
Very low
13
Rock falls
3 2 32
Very low
14
Rock falls
3 2 3 2 SR F
D
F 3 2 Very high
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8.4.11. Discussion
The described method to determine landslide hazards and to evaluate specific and total
landslide risk complies with the existing definitions of landslide hazard (see § 6, § 7, Varnes
and IAEG Commission on Landslides and other Mass-Movements, 1984; Guzzetti et al.
1999a, 1999b) and of landslide risk (see § 8.2, Varnes and IAEG Commission on Landslides
and other Mass-Movements, 1984; Einstein, 1988; Cruden and Fell, 1997; Guzzetti, 2002).
The method is empirical and subject to various levels of uncertainty, but has proved to be
consistent, allowing for detailed and comparable assessments of landslide hazard and specific
and total landslide risk levels in urban and rural areas in Umbria. The method allows the
comparison of landslide hazard and risk in distinct and distant areas, and where different
landslide types are present.
The method was applied in 210 landslide hazard zones located around or in the vicinity of 79
towns and villages in Umbria (Antonini et al., 2002a; Cardinali et al., 2002b; Guzzetti et al.,
2004; Reichenbach et al., 2005). In these areas landslide hazard was determined, vulnerable
elements were identified, and specific and total risk levels were evaluated. The time and
human resources required for completing the risk assessment procedure at each site varied,
depending on the extent of the study area, the number, type and scale of the aerial
photographs, the available thematic and historical information, the extent and type of
landslides present in the study area, and the local geological and morphological setting. On
average, completion of the risk assessment procedure at each site required five days for a team
of 3-4 geomorphologists, including bibliographical investigation, interpretation of the aerial
photographs, field surveys, storage of landslide and other thematic information in the GIS
database, and the production of the final hazard, vulnerability and risk maps.
The proposed method requires extensive geomorphological judgment. For this reason it should
only be used by skilled geomorphologists. If the extent, type, distribution and pattern of past
and present landslides are not correctly and fully identified, errors can occur, affecting the
estimate of landslide hazards and risk. With this in mind, the definition of the temporal
frequency of landslides from the analysis of the multi-temporal inventory map is particularly
important. In the Umbria Region, the multi-temporal landslide maps cover a period of about
47 years, which is long enough to evaluate the short-term behaviour of slopes in the areas
investigated. Should information on landslide frequency be available only for a shorter period
of time (e.g., 10-15 years or less), the reliability of the hazard forecast will be reduced. If a
landslide event fails to be recognized, the frequency of occurrence is underestimated, and
hazard and risk estimates are negatively affected. It should be noted that the method estimates
the expected landslide frequency based on what has happened (and was observed) in the recent
past. If low frequency, high magnitude events did not occur or were not recognised in a LHZ,
the hazard assessment in the area may be biased, and the actual landslide risk is
underestimated. This is a limitation of the method.
The method allows for detailed and articulated hazard and risk assessments. Landslide hazard
is determined separately for all the different landslide types that may be present in the study
area. Specific landslide risk is determined independently for each type of vulnerable element
in the study area. Thus, vulnerable elements may be subject to multiple levels of specific
landslide risk, and landslide hazard may be ascertained where vulnerable elements are not
present. The proposed method assesses landslide hazard in the areas of probable evolution of
the existing landslides (i.e., in a landslide hazard zone). The method says nothing about the
hazard outside a LHZ, even within the same elementary slope. In these areas minor landslides,
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mostly superficial failures can occur with a low frequency. For a regional, spatially distributed
landslide hazard and risk assessment, other methods should be used (see § 6 and 7).
Uncertainty varies with the different steps of the method. The production of the separate
landslide inventory maps and of the multi-temporal landslide map is less uncertain than the
identification of the landslide hazard zones, or the possible spatial evolution of the existing
landslides, which is obtained mostly through geomorphological inference. Landslides mapped
through the interpretation of aerial photographs were carefully checked in the field, whereas
the identification and mapping of LHZs was based on the observation of other landslides and
on the inferred geomorphological behaviour of slopes. Evaluation of landslide frequency,
which determines landslide hazards, is conditioned by the availability of aerial photographs
and historical information, and by the investigator ability to recognize past and present
landslide events. Estimates of landslide volume and velocity, which are essential for the
evaluation of landslide intensity, also exhibit uncertainty.
Uncertainty arises also because a difference exists between geomorphological and historical
information on landslides. Geomorphological information obtained through field mapping and
the analysis of aerial photographs provides the basis for determining the prevalent landslide
types and location, but provides poor constrain on the date (or the age) of the slope failures.
Historical and archived information provides precisely the date and, more rarely, the time of
occurrence of some of the landslide events, and the type and extent of damage caused by mass
movements, but provide little information on the type of failures and the precise location and
extent of the landslides. Combination of geomorphological and historical information on mass
movements is not straightforward, and may be locally a matter of interpretation and local
judgement.
The proposed method relies on a set of correlation tables, which are used to define landslide
frequency (Table 8.1) and intensity (Table 8.2), to ascertain landslide hazard (Table 8.3), to
evaluate the expected damage to the vulnerable elements (Table 8.5), and to attribute levels of
specific (Table 8.6) and total (Table 8.7) landslide risk. The tables were based on empirical
observations and on the investigators experience, but are also the result of a heuristic
approach. Whenever possible, several possibilities should be evaluated and the differences
compared after each attempt. The adopted tables fit the present understanding of landslide
processes and match landslide damage in Umbria satisfactorily (Felicioni et al., 1994;
Alexander, 2000; Cardinali et al., 2000; Antonini et al., 2002b; Guzzetti et al., 2003).
However, the tables are not definitive, and should not be used unconditionally in all settings. If
applied to other sites, or in other study areas, the tables should be carefully checked with the
local information on landslide types and damage. If one, or more, of the tables is changed
significantly, the hazard and risk assessment will vary, and may not be comparable to the one
we have prepared. This is particularly important for Table 8.5 (vulnerability) and Table 8.6
(specific risk).
Landslide hazard and specific risk are expressed using a multiple-digit, “positional” index that
shows, in a compact and convenient format, all the variables used to ascertain landslide hazard
and risk (i.e., intensity, frequency, and vulnerability). The index allows for the ranking of risk
conditions at the end of the risk assessment process, when all the necessary information is
available, and not “a priori”, based on pre-defined (often ill formalized) categories. This a
major advantage of the method, giving risk managers and decision makers great flexibility in
deciding which area exhibits the highest risk, and providing geologists and engineers with a
clue about why any given vulnerable element is at risk. In addition, the use of a simple index
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to express levels of specific landslide risk makes it possible to adopt different schemes to
determine levels of total landslide risk, depending on the priorities or the specific interests of
the investigators or the end-users.
Lastly, the proposed method is not simple or straightforward. A dependable and consistent
prediction requires multiple sets of aerial photographs and a team of experienced
geomorphologists to interpret them. This cannot be considered a limitation: landslide hazard
and risk assessments are difficult tasks, and require proper expertise and skills.

8.5. Assessing landslide damage and forecasting landslide impact
An alternative way of establishing semi-quantitative levels of landslide risk consists in
investigating the damage caused by slope failures in the past, and in attempting to forecast the
impact that landslides will have in the future, in a given area (Brabb, 1991). The former
consists in studying archive or event inventories, the latter involves designing landslide
scenarios (§ 8.2.3). Where a detailed historical catalogue of landslides and their consequences
exists, and where inventory maps documenting individual landslide events have been
prepared, the vulnerability of the elements at risk can be ascertained, and the sites repeatedly
affected by catastrophic events can be determined. More precisely, historical and event
information can be exploited to: (i) evaluate the most common type of landslide damage, (ii)
determine the extent and spatial distribution of the damage, and (iii) obtain quantitative
estimates of the cost of single or multiple landslides (e.g., Taylor and Brabb, 1972; Godt and
Savage, 1999; Guzzetti et al., 2003b). Where a sufficiently detailed landslide inventory map
and maps showing the population, structures, infrastructure, and land use types are available,
simple geographical operations in a GIS allow determining where landslides may interfere
with the elements at risk, providing estimates of the impact that landslides may have in the
future in a given area (e.g., Garberi et al., 1999; Brabb et al., 2000; Antonini et al., 2002a;
Guzzetti et al., 2003a).
In the following three sub-sections, I attempt to ascertain the type and extent of landslide
damage caused past landslide events in Umbria, and to determine the expected impact that
slope failures can have on the population, the structures and infrastructure, and the agriculture.

8.5.1. Landslide damage in Umbria
Due to the lithological, morphological and climatic setting, landslides are abundant in Umbria
(Felicioni et al., 1994; Guzzetti et al., 1996; 2003a; Antonini et al., 2002a). In the region,
landslides range from fast moving rock falls and debris flows, most abundant in mountain
areas, to slow moving complex failures extending up to several hectares in the hilly part of the
region. Mass movements occur almost every year in Umbria in response to prolonged or
intense rainfall (Guzzetti et al., 2003a), rapid snow melting (Cardinali et al., 2000), and
earthquake shaking (Bozzano et al., 1998; Esposito et al., 2000; Antonini et al., 2002b).
Individual slope failures in Umbria can be very destructive and have caused damage at many
sites, including the city of Perugia and the towns of Allerona, Assisi, Montone, Orvieto,
Spoleto and Todi (for a review, see Felicioni et al., 1994).
Despite landslides occurring every year, the full extent of damage caused by slope failures in
Umbria remains largely unknown. No systematic analysis of the archive (Felicioni et al.,
1994; Guzzetti et al., 2003a; Guzzetti and Tonelli, 2004), geomorphological (Antonini et al.,
2002b; Cardinali et al., 2002b; Reichenbach et al., 2005), and geotechnical (Felicioni et al.,
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1994) information on damage caused by slope failures has been completed. Preliminary
analysis of the information indicates that landslide damage is most severe to the transportation
network and to built-up areas. Figure 8.12 shows examples of the damage caused by slope
failures to houses and roads in Umbria. In general, damage to the transportation network is
more widespread, whereas damage to the built-up area is more costly. In Umbria, landslide
damage to the agriculture results in a temporal (seasonal) or permament loss (or reduction) of
yield. Damage to the agiculture is larger in the rainy years. Fortunately, landslide damage to
the population in Umbria is relatively low, when compared to the national estimates (§ 8.3 and
Table 8.1).

Figure 8.12 – Typical landslide damage in Umbria. (A) House destroyed by a deep-seated slide at
Monteverde on December 1982. (B) Road damaged by the Monteverde landslide. (C) House damaged
by a rock fall at Piedipaterno on 15 September 1992. (D) House damaged by a deep-seated landslide
triggered by rapid snow melting in January 1997 at Bivio Saragano. (E) House destroyed by the
Valderchia landslide of 6 January 1997. (F) Road damaged by a deep-seated slump at San Litardo in
January 1997. (G) Road damaged by a deep-seated slump at Marcignano in January 1997. H) Damage
due to rock falls triggered by the October 1997 earthquake along road SS 320. I) Rock fall and
toppling failure caused by the September-October 1997 earthquakes along a provincial road near
Stravignano.

8.5.1.1. Damage to the transportation network and the built-up areas

In Umbria, information on historical landslide events is the primary source of information on
damage caused by slope failures. For the Region, the national archive inventory (§ 3.3.1.1)
lists information on 281 sites where buildings and other structures were damaged by
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landslides, and 661 sites where roads and railways were damaged by slope failures. In the
archive, damage is classified as: (i) light, where damage was aesthetic; (ii) severe, where the
functionality of the building or the transportation line was compromised; and (iii) total, where
a building was destroyed or a road or railway was interrupted. Along the transportation
network about 34.2% of the damage was classified as light, 61.6% as severe and 4.2% as total
damage. For the built-up areas, 26.5% of the damage was classified as light, 62.7% as severe,
and 10.8% as total damage.
Additional information on the impact of slope failures on the built-up areas and the
transportation network in Umbria can be obtained analysing three recent landslide event
inventories. The prolonged earthquake sequence of September-October 1997 caused the
largest impact to the transportation network (§ 3.3.3.3). Rock falls, topples and minor rock
slides were mapped at 220 sites along approximately 600 kilometres of roads. These failures
correspond to a density of 2.7 damaging landslides every kilometre. Along the Nera River and
the Corno River valleys the density of rock falls was locally much higher. Two main regional
roads (i.e., SS 320 and SS 209) running at the bottom of the valleys were interrupted at several
sites and remained closed for weeks after the earthquakes, while remedial works were
completed (Figure 8.12.H) (§ 7.5). The road interruptions caused severe transportation
problems for the local population, and made it harder for the earthquake post-event relief
efforts. At least € 15 millions (1998) were spent by the National Department of Civil
Protection, the Regional Government, and the National Road Company for repairing the
damage and for installing new defensive measures, including several hundreds of meters of
rock fall elastic barriers and new artificial tunnels (Guzzetti et al., 2003a, 2004c).
Landslides triggered by the January 1997 snowmelt event (§ 3.3.3.2, Cardinali et al., 2000)
caused damage mostly to the transportation network and to a few houses, some of which had
to be abandoned (Figure 8.12.E). By intersecting in the GIS the map of the transportation
network with the event landslide inventory map, 115 sites were identified where landslides
triggered by rapid snowmelt intersected (i.e., interfered) with the road and railroad network.
Sites damaged by landslides were found one every 56 kilometres of highways, every 32
kilometres of roads, and every 47 kilometres of railroads. An additional 112 sites where
landslides were in the immediate vicinity of the transportation network were identified by
drawing a buffer zone around each road or railway. Considering the buffer zone, the frequency
of slope failures increased to one every 13 km of highways, 16 km of roads and 37 km of
railways. In the area where the aerial photographs were available to complete the event
inventory, 158 sites were identified where landslides intersected (73) or were close to (85)
roads and railways. Damage to the transportation network was generally localized. The section
of the roads affected by slope failures extended from a few tens to a few hundred meters.
Estimates of the Regional Government suggest that the amount of money spent repairing the
damage along the transportation network exceeded € 10 million (1997) (Guzzetti et al.,
2003a).
Landslides triggered by rainfall events in the period from 1937 to 1941 (§ 3.3.3.1) probably
caused damage to built-up areas, roads and railways (Guzzetti et al., 2003a). Unfortunately,
very little information is available in the historical archive that in this period lists only 13 sites
where landslide damage is reported. Intersection in a GIS of the map showing the
transportation network with the event landslide inventory map (where available, i.e., in a 135
km2 area) revealed that landslides have directly interfered with roads of various categories at
27 sites. This is an average of one damaging landslide every five kilometres of roads. At other
26 sites landslides were identified in the immediate vicinity of the transportation network. If
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the latter sites are considered, the frequency of landslides increases to one every two
kilometres along the roads.
8.5.1.2. Damage to the population

The archive inventory (§ 3.3.1.1 and Figure 3.4) contains 65 records with information on
landslide events with human consequences in Umbria. Analysis of the catalogue indicates that
22 persons died, 2 persons are missing, and 40 people were injured by slope failures, in a total
of 29 landslide events with human consequences, in the period between 1917 and 2004.
Seventeen casualties (8 deaths and 9 injured people) were related to human activities, i.e.,
accidents in the workplace, excavations and open pit mining. Limiting the analysis to the
natural landslides, between 1917 and 2004 landslide disasters in Umbria resulted in 47
casualties, comprising 14 deaths, 2 missing persons, and 31 injured people. This is equivalent
to an average of about 0.53 casualties per year. Natural landslide disasters with human
consequences were 17, equivalent to an incident with casualties every 5.1 years, or an annual
frequency of about 0.2. The largest landslide disaster in the region occurred on 10 May 1939
at Stifone, when six people were killed by a landslide along the railway connecting Terni to
Orte. On 19 January 1963, 14 people were injured when a postal train derailed because of
three landslides between the stations of Attigliano and Alviano (Guzzetti et al., 2003a).
The archive inventory also lists 34 landslide events for which a total of 897 homeless or
evacuated people are reported. This figure is most probably underestimated, because for some
of the events the catalogue reports information on houses that were destroyed or severely
damaged without providing information on the number of homeless or the evacuated people.
For other events the catalogue lists the number of families that were evacuated but not the
number of people involved. This is a known bias in the archive inventory.
The national investigation on landslide risk to people described in § 8.3 indicated that, in the
105-year period from 1900 to 2004, at least 7494 casualties, comprising 5190 deaths, 88
missing persons and 2216 injured people were reported in Italy. This represents an average of
51.2 deaths or missing persons each year. Landslide events with casualties were 1102,
equivalent to 10.7 incidents with casualties every year, or an annual frequency of 0.09 (Salvati
et al., 2003; Guzzetti et al., 2005b,c). If compared to these figures, landslide risk to the
population is low in Umbria. This is a consequence of the predominant type of failures causing
damage in the region. Damaging slope failures are mostly slides, slide-earth flows and
complex or compound movements that commonly travel short distances and move at slow to
moderate velocity, allowing for the people to escape when a landslide occurs. As an example,
in the early morning of 6 January 1997 a complex landslide involving ~ 1×106 m3 of rock
detached from a steep slope above Valderchia, NE of Gubbio (Figure 8.12.E). The landslide
moved at an estimated velocity of some metres per hour (Cencetti et al., 1998). People in two
houses in the path of the landslide heard the walls cracking but were able to escape from the
windows. The two houses were rapidly destroyed but no one was killed or injured.

8.5.2. Landslide impact
For the Umbria region, information exists to attempt an assessment of the possible impact that
mass movements can have on the built-up environment, on the transportation network, and on
the agriculture. This can be obtained by analysing in a GIS the geographical relationships
between the location of known landslides, as shown by a detailed landslide inventory map

238

Landslide risk

(e.g., § 3.3.2.2), and the location of the transportation network, the built-up areas, and the land
use classes.
8.5.2.1. Expected impact to the transportation network and the built-up areas

Landslides in Umbria exhibit spatial persistence. In the region, slope failures tend to occur in
the same place as existing landslides (§ 4.4, Cardinali et al., 2000). This geomorphological
characteristic of slope failures in Umbria can be exploited to determine the sites of possible
future landslide impact. To achieve the result, the detailed geomorphological landslide
inventory (§ 3.3.2.2) was intersect in the GIS with maps of the transportation network and of
the built-up areas. To account for the possible mapping errors and the lack of geographical
precision in the maps of the transportation network and of the built-up areas, a buffer zone was
established around each road, railway, or built-up area. The size of the buffer was selected
depending on the type of the vulnerable element (Table 8.14).
Table 8.14 – Buffers used in the GIS analysis of the relationships between landslides, built-up areas
and the transportation network in Umbria. Buffer A defines the extent of the built-up area or the
transportation network. Buffer B considers the area in the vicinity of the built-up area or the
transportation network.
TYPE OF ELEMENT AT RISK
BUFFER A BUFFER B
(m)
(m)
Highways, Freeways
4 lanes roads
50
150
All other roads

2 lane roads

25

80

Railways

all railways

20

50

Built-up areas

houses, buildings, structures

0

50

The GIS analysis identifies 4115 sites where landslides shown in the geomorphological
inventory map intersect, i.e., may interfere, with the transportation network (Figure 8.13.A),
and 6119 sites where landslides intersect with the built-up areas (Figure 8.13.B). The figures
were obtained considering the largest buffer zones of Table 8.14. At these localities damage
due to landslides can be expected, particularly during major landslide triggering events (e.g.,
prolonged rainfall, rapid snowmelt).
The GIS analysis further reveals that about 9.0% of all the landslides shown in the detailed
geomorphological inventory map may cause a direct damage to roads or railways. More
precisely, landslide damage can be expected on average every 2.3 km along the highways and
freeways, every 1.2 km along the roads, and every 3.3 km along the railways. If roads and
railways in the flat valleys and in the large intra-mountain basins (i.e., where landslides are not
expected) are excluded from the analysis the figures decrease to 1.1, 0.9 and 2.5 km,
respectively. Of all the sites where landslides interfere with the transportation network, 5.2%
are characterised by slope failures that were classified as active in the geomorphological
inventory map. At these sites damage caused by landslides should be expected with a higher
probability than in other sites, where landslides were not recognized as active.
Intersection between the geomorphological inventory map and the map of the built-up areas
(Figure 8.13.B) reveales that about 13.4% of the landslides shown in the inventory map
intersect (i.e., interfere) with built-up areas. This percentage is an average of one site every 1.4
square kilometres. The figure decreases to one site every 1.1 square kilometres if large valley
bottoms and intra-mountain basins are excluded from the analysis. Of all these sites, 4.5%
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were affected by landslides that were classified as active in the geomorphological inventory
map. These areas should be studied in greater detail in order to ascertain the actual landslide
hazards and the associated risk, e.g. using the geomorphological method described in § 8.4.

Figure 8.13 – Expected landslide impact in Umbria. (A) Green dots show the location of 4115 sites
where known landslides intersect the transportation network. (B) Red dots show the location of 6119
sites where known landslides intersect built-up areas. Lower maps are enlargements showing
cartographic detail and performed geographical analysis. Legend: grey pattern, landslide; orange,
extent of infrastructure or structures; yellow, zone in the vicinity of structure or infrastructure (buffer
B). For buffer size see Table 8.14.
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8.5.2.2. Expected impact to the population in the Perugia Municipality

For the Perugia Municipality, the second largest in the Umbria region (449.92 km2) and the
one with the largest population (157,092 people, in 2001) and the largest population density
(349 inhabitants/km2), an attempt was made to determine the number and location of people
potentially subject to landslide risk. This was accomplished by jointly analysing information
on landslide abundance and on population density in the 710 census zones comprising the
Municipality (Figure 8.14).

Figure 8.14 – Perugia Municipality, Umbria Region. (A) Map showing 701 census zones in the
Municipality. Colours show percentage of landslide area in each census zone. Histogram shows
abundance of census zones in five classes of the percentage of landslide area. (B) Map showing
number of inhabitants potentially subject to landslide risk. Histogram shows abundance of census
zones, in five classes of the number of people subject to landslide risk.

In the Perugia Municipality the detailed geomorphological inventory (§ 3.3.2.2) shows 2042
landslides, for a total landslide area of 29.80 km2, corresponding to 6.6% of the territory.
Active landslides are 187 and cover 0.56 km2. The percentage of landslide area in the 701
census zones ranges from 0%, in landslide-free areas, to 100% where an entire census zone
falls in a landslide area (Figure 8.14.A). Total landslide area is larger in the rural areas, and the
percentage of landslide area in each census zone is larger in the urban area. The latter is the
result of the small size of census zones in the urban area. Knowing the population of each
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census zone, the number of people potentially subject to landslide risk can be estimated
(Figure 8.14.B). The analysis reveals that in the Perugia Municipality about 9100 people
(5.8% of the population) live in a landslide area, or in the vicinity of a landslide. In at least
nine census zones the number of inhabitants subject to landslide risk exceeds 200 people.
These sites should be investigated in greater detail to determine the actual level of landslide
risk, e.g. using the geomorphological method described in § 8.4.
8.5.2.3. Expected impact to the agriculture

Agriculture is an important economic resource for Umbria, olive trees and vineyards being the
most important and profitable assets, followed by corn, sunflower and tobacco. For the
Umbria Region, Antonini et al. (2002a) attempted an evaluation of the possible impact of
mass movements on the agriculture. These authors intersected in a GIS the geomorphological
landslide inventory map (§ 3.3.2.2) with a land use map prepared by the Umbria Regional
Government in 1977. The land use map, in twelve classes, was originally obtained through the
interpretation of large scale aerial photographs, and was considered by Antonini et al. (2002a)
a proxy for the extent and spatial distribution of the agriculture in Umbria.
Results of the GIS analysis revealed that landslides are almost equally abundant in: (i) forest
and woods (27%), (ii) in grass land, pasture and other land used for seasonal crops (e.g., corn,
sunflower, etc.) (24%), and in areas with olive trees, vineyards and other specialized orchards
(23%) (Figure 8.15). These figures confirm the potentially high impact of mass movements on
the agriculture in Umbria.

Built-up areas,
infrastructure
3%

Bare areas Lakes
2%
1%

Forest, woods
41%
Orchards, olive trees,
vineyards
4%

Bare areas
Built-up areas,
17%
infrastructure
8%

Crops, grass land,
pasture and
other cultivations
49%

Forest, woods
27%

Lakes
1%

Crops, grass land,
pasture and
other cultivations
24%

Orchards, olive
trees, vineyards
23%

Figure 8.15 – Umbria Region. Left graph shows abundance of land use classes in the Region. Right
graph shows abundance of landslides in each land use class.

8.5.3. Discussion
The methods presented in the previous sections, and the results obtained, illustrate the largest
and best documented effort at determining landslide damage and at forecasting the possible
impact of slope failures in the Umbria region. The analyses demonstrate how historical and
event data can be used to determine the type and extent of past landslide damage, and how
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GIS technology can be used to help determining the impact of slope failures on the population,
the built-up areas, the transportation network and the agriculture.
The described approach is innovative and reliable. However, the described analyses should be
considered preliminary, as they suffer from simplifications. For this reason, results may be
locally inaccurate. Quality, completeness and resolution of the landslide inventory maps and
of the maps showing the elements at risk largely affects the quality of the results. If existing
landslides are not shown in the inventory, or if the extent or location of the built-up areas or
the roads is not shown precisely in the maps, the GIS analysis is inevitably erroneous.
Identification of the areas where known landslides may interfere with the transportation
network and the built-up areas did not consider the possibility that a landslide can travel a long
distance from the source area. This may affect significantly the impact analysis, particularly in
mountain areas where debris flows and rock falls that can travel long distances are common.
The GIS analysis may also be biased locally by the presence of tunnels below landslide shear
planes, and of bridges or viaducts not affected by shallow landslides. In built-up areas
remedial works may have been completed, reducing landslide hazards. However, the
mitigating effect of the remedial measures was not considered.
Estimation of landslide risk to the population in Umbria is also affected by uncertainty. The
impact of landslides on the population depends on many factors, including: (i) the location,
type and frequency of landslides, (ii) the abundance and distribution of the population, and
(iii) the number and location on the vulnerable elements related to the presence of the
population (e.g., homes, schools, offices, utilities, roads, etc.). If buildings or homes are built
in dangerous landslide areas, the risk to the population will increase. Where defensive
measures have been installed (e.g., rock fall fences along railways), proper maintenance is
required to maintain the existing safety levels. If the performance of the defensive measures is
reduced, risk to the population will increase, as the risk to the structures and infrastructure.
The assessment of landslide risk to the population in the Perugia Municipality is a first-order
estimate. The analysis does not take into consideration the exact location of the landslides and
the population in the census zones. In a census zone, landslides may exist but they may not
pose a threat to the population. For simplicity, the analysis was performed considering only
the extent of the landslides shown in the geomorphological inventory map. Possible
enlargements of a landslide due to its movement or to reactivations were not considered.
Debris flows and rock falls were not shown in the considered inventory map. Hence, the risk
associated with these types of landslide was also not considered. Changes in the distribution
and abundance of population will also affect the risk assessment.
Despite these inherent limitations, the ensemble of the results obtained confirms that mass
movements in Umbria represent a societal and economic problem that should not be
overlooked.

8.6. Summary of achieved results
In this chapter, I have:
(a) Shown that reliable methods for determining and ranking landslide risk can be
established.
(b) Demonstrated that landslide risk can be determined at various geographical scales using
probabilistic or heuristic (geomorphological) approaches.
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(c) Proposed a geomorphological method for the determination of landslide risk.
(d) Shown that where sufficient information is not available to attempt a probabilistic or
heuristic (geomorphological) assessment of landslide risk, the expected impact of slope
failures can be established exploiting landslide information and GIS technology.
This responds to Question # 6 and partly to Question # 7 posed in the Introduction (§ 1.2).
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9. USE OF LANDSLIDE MAPS AND MODELS
It’s good to have a map,
if you know how to use it.
A good strategy consists in sticking
to the facts and in telling the truth.

The value of a map refers to its information content, which depends on the type of data shown,
their quality and the extent to which the information is new and essential. A map is valuable
when the data shown are useful to the user, i.e., when the map is both relevant and understood
by the user (Guzzetti et al., 2000).
A carefully designed inventory map that shows landslides as recognised by the interpreter,
without any modification apart from scale or graphical constrains, is a basic map. A landslide
density map obtained by interpolating an inventory map without any additional information is
a derivative map. Landslide susceptibility and hazard maps obtained from an inventory are
also derivative maps but, since they include additional information on factors such as lithology
and morphology that are used to build the susceptibility or hazard models, they have an
information content which is superior to that of the input maps, including the inventory. Risk
assessments are complex, high level products that exploit basic, derivative and other thematic
information and maps (Guzzetti et al., 2000).
In this chapter, I first describe and compare the information content of different landslide
cartographic products, including inventory, density, susceptibility and hazard maps, and risk
evaluations. Next, I introduce and discuss the concept of a “landslide protocol”, i.e., a set of
regulations established to link terrain domains shown on the different landslide maps to proper
land use rules.

9.1. Landslide inventory maps
In § 3, I have shown that landslide inventory maps can be prepared using different techniques,
depending on their purpose, the extent of the study area, the scales of base maps and aerial
photographs, and the resources available to carry out the work. Regardless of the adopted
techniques and of the sources of information used to prepare or compile the inventories,
landslide inventory maps show the location and, where known, additional characteristics of the
slope movements (e.g., type of movement, depth, date, age, degree of activity, etc.) that left
discernable features in an area, or that are known to have occurred in an area (Hansen, 1994;
Wieczorek, 1984; Guzzetti et al., 2000). In other chapters, I have shown how the information
portrayed in a landslide inventory can be exploited to determine the abundance of landslides (§
4.1), to determine the frequency-area statistics of landslides in an area (§ 5), to ascertaining
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landslide susceptibility (§ 6) or hazard (§ 7), and to evaluate landslide risk (§ 8). Hence, the
usefulness of landslide inventories should now be clear.
Landslide inventory maps are easy to understand (i.e., straightforward, direct) for experts, such
as geomorphologists, and non-experts, such as decision makers, planners and civil defence
managers. Inventory maps are easily prepared by well trained geomorphologists and do not
require large investments, particularly when compared to other thematic maps showing
environmental data, including geological and soil maps. Only limited resources are required
for the completion of landslide inventory maps, namely aerial photographs, base maps, and a
good quality stereoscope. Experiments conducted in northern and central Apennines of Italy
have demonstrated that, with the resources commonly available to complete a landslide
mapping project, accurate multi-temporal inventory maps can be successfully prepared for
areas extending from a few tens to a few hundreds of square kilometres (e.g., Galli et al.,
2005; Guzzetti et al., 2005a), whereas good quality, geomorphological inventory maps can be
prepared for larger areas, extending for thousands of square kilometres (e.g., Antonini et al.,
1993, 2000, 2002a; Cardinali et al., 2001).
Despite the ease with which they are prepared and their immediateness, landslide inventories
are not yet very common. Inventory maps are available for only a few countries and mostly for
limited areas (Brabb and Harrod, 1989; Brabb, 1991, 1993, 1995). This is surprising because
inventory maps provide fundamental information on location and size of landslides that is
necessary in the assessment of slope stability at any scale, and in any physiographical
environment. The reasons for this shortcoming are manifold and depend on general and local
conditions (Brabb, 1991, 1993; Guzzetti et al., 2000).
There is a certain inability of environmental and planning agencies, and of national and
regional geological surveys, to understand the value of regional inventories for planning
purposes (Brabb, 1991, 1996). This is often coupled with inability or lack of resolve in
preparing landslide inventories for large regions, which has the effect of limiting knowledge of
landslide distributions, types and patterns. Indeed, some planning agencies prefer to ignore
where landslides are located: lack of knowledge in this case represents a degree of freedom
(Guzzetti et al., 2000). The opinion that landslide mapping, and in particular inventory
making, is not “scientific” finds advocates even among earth scientists (Sassi et al., 1998). I
believe that landslide mapping is an important, scientific operation, but I am conscious of the
fact that preparing a landslide inventory, particularly from aerial photographs with or without
field surveys, is a subjective operation that requires skills and training. Maps prepared by
personnel not sufficiently trained or experienced, or lacking the proper resources may be
wrong and unreliable. The subjectivity and the difficulty in assessing quantitatively its
reliability, makes landslide inventory maps somewhat unreliable in the eyes of some potential
user. The fact that most published inventories are not accompanied by clear documentation on
the tools, methods and techniques used to prepare or to compile them, and lack sufficient
specifications on the estimated degree of completeness and reliability, add to the difficulty of
using landslide inventories. Lastly, in the recent years there has been a general, largely
unjustified, preference for “high-tech” remote sensing techniques, which are not yet capable of
mapping landslides efficiently over even small areas (Soaters et al., 1991).
Landslide inventory maps are important and useful products but suffer from limitations, which
is important to know and expose clearly. Even if it is very accurate and precise, a landslide
inventory map cannot portray all slope failures that have occurred in an area.
Geomorphological inventories portray only a reduced fraction of the total number or the total
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area of landslides that have occurred in a region over time (Malamud et al., 2004a). A
landslide map will show only slope failures that have (presumably) left discernible
morphological signs on the date and at the scale of the investigation. If aerial photographs are
used to complete the investigation, the inventory map will portray only landslides visible on
the aerial photographs. Thus, the quality of a landslide inventory depends: (i) on the
persistence of landslide morphology within the landscape, (ii) the skill of the interpreter to
capture the morphological features typical of a landslide, and (iii) the ability of the interpreter
to properly understand the geomorphic evolution of the slopes. In the areas that are shown as
having landslides in an inventory map, interpreters are (usually) confident that landslide scars
and or deposits exist, but nothing is said about the reliability of such statement – i.e., the
veracity of the map. Additionally, where landslides are not shown, most commonly nothing is
said about the potential presence or absence of slope failures. Indeed, authors of inventory
maps often state that areas not mapped as landslides cannot be considered free of mass
movements, but rather represent domains where the interpreter was not able to identify a slope
failure (e.g., Guzzetti and Cardinali, 1989, 1990; Antonini et al., 1993; Cardinali et al., 1990,
2001). For most potential users of landslide inventory maps the difference is significant.
In landslide inventory maps, no effort is made to distinguish areas that are landslide-free (such
as large alluvial plains, valley bottoms, flat ridge tops, and recognized stable ground) from
areas where landslides could exist but either are not present at the date of the investigation or
were not recognised (Guzzetti et al., 2000). The imprecision limits the value of landslide
inventory maps, and may jeopardise their usefulness for planning, land development and
decision making. Indeed, where landslides are recognised, actions can be taken and proper
regulations can be established before planning or land development takes place. Much less
clear is what to do where landslides are not recognised, particularly in the vicinity of existing
mass movements or in terrain that is prone to slope failures. As an example, on 5 May 1998
rainfall induced shallow failures were triggered on the steep slopes mantled by volcanic
deposits of the Pizzo d’Alvano area (Campania Region, Italy) (Guadagno et al., 1999;
Guadagno and Periello Zampelli, 2000; Crosta and Dal Negro, 2003). The resulting debris
flows killed 137 people in the village of Episcopio (Sarno). Twenty-three additional casualties
were reported at Quindici, Siano, Braciliano and San Felice a Cancello (Guzzetti, 2000).
Inspection of medium-scale (1:33,000) aerial photographs flown in 1955 showed that prior to
the event little could be said about the exact location of the source areas of the individual
debris flows. However, on the basis of the overall geological and geomorphological settings,
slopes could be interpreted to be highly susceptible to failures. Archive data confirmed that the
area suffered similar catastrophic landslides in historical and recent time. Thus, a
reconnaissance landslide inventory – which was not available for the area at the time of the
catastrophic event – may have failed to predict the exact location of the individual landslides,
but a detailed geomorphological inventory map would have quite certainly identified the areas
potentially subject to debris flow hazards, e.g., mapping the fans where debris flow deposited.

9.2. Landslide density maps
To improve the accuracy with which future landslides are predicted (in space), the density of
slope failures (§ 4.1) can be determined within pre-defined terrain domains, or mapping units
(§ 6.2.2). Geomorphological terrain subdivisions, such as slope units, have proven particularly
adequate for computing and displaying landslide density, at the local and the regional scales.
Density is a clearly definable and easily comprehended quantitative measure of the spatial
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distribution of slope failures (§ 4.1). Regardless of the geological or morphological setting,
where landslides are abundant, density is high and, conversely, where landslides are sparse,
density is low. This is an advantage of density maps over more complicated forms of mapping,
such as susceptibility and hazard maps. The advantage may be particularly significant for nonexpert users, such as decision and policy makers.
As an improvement to landslide inventories, landslide density maps are fillers of space. Such
maps provide insight on the expected (or inferred) occurrence of landslides in any part of the
investigated area without leaving unclassified areas. A density map does not show where
landslides are located but this (apparent) loss in resolution is compensated for by improved
map readability and reduced cartographic errors (Carrara et al., 1992; Guzzetti et al., 2000;
Ardizzone et al., 2002; Galli et al., 2005). Additionally, landslide density is independent of the
extent of the study area, which makes comparison between different regions straightforward.
Such characteristics contribute to making density maps appealing to decision makers and land
developers.
Landslide density maps can be conveniently combined with the inventory maps from which
they were obtained (Guzzetti et al., 2000). This can be easily achieved in a GIS, by overlying a
geomorphological landslide inventory on top of the corresponding density map. This was
demonstrated in § 4.1.2 for the Upper Tiber River basin, in central Italy. The resulting map,
shown in Figure 4.1, is based on slope units and retains the advantages of a landslide inventory
map (i.e., it shows where failures were recognised by the investigator) and fills spaces, thus
providing insight into the geographical distribution and abundance of slope failures. The use
of an appropriate terrain unit (i.e., the slope unit) guarantees a match with the local
morphological setting. The map shown in Figure 4.1 was further improved by clipping out of
the frequency count the areas that are known to be landslide free (e.g., large valley bottoms).
The combined inventory and density map gains in readability and applicability to decision
making and land use planning.
Density maps represent an improvement over landslide inventories, but have limitations.
These maps are based on the assumption that landslide density is continuous in space, which
may not be the case everywhere (§ 4.1). If the original landslide inventory is incorrect, i.e., if
the original landslide map does not show some of the slope failures present in an area, or if it
overestimates the extent of the slope failures, the density map will inherit the errors and will
be incorrect or imprecise. A level of uncertainty cannot be easily associated to the density
estimate, further limiting the applicability of landslide density maps for planning and decision
making. Also, despite improvements, landslide density maps do not incorporate any physical
relation between slope failures and the landscape. Thus, they cannot be used to establish and
investigate the factors that control landslide occurrence. Indeed, density maps can be used to
decide where landslides are more abundant but not why this is so. They can be of help in
specifying where subsequent studies have to be made, but not to model the effects of remedial
works. This is the goal of landslide susceptibility modelling.

9.3. Landslide susceptibility zoning
In § 6, I have shown that good quality landslide susceptibility maps can be obtained from
deterministic or statistical models. The latter, usually incorporate several instability factors and
use a variety of classification methods (Michie et al., 1994). Reliable susceptibility models are
capable of explaining why the known (i.e., past) landslides are abundant or sparse. Under
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assumptions (e.g., § 6.2.1, § 6.4.1), this information can be used to predict where new or
reactivated landslides will be abundant or sparse in the future. Given that landslides take many
different forms and are the result of the interplay of a variety of causes (§ 1.1, Schuster and
Krizek, 1978; Crozier, 1986; Dikau et al., 1996; Turner and Schuster, 1996), different
susceptibility models can be prepared that take into account the main instability factors (slope
morphology, rock composition, structure, hydrological conditions, land use types, etc.) and the
various landslide types (deep-seated slides, shallow failures, debris flows, rock falls, etc.).
The availability of different methods (§ 6.2.3) and the numerous published examples (§ 6.1),
indicate that landslide susceptibility maps are relatively simple to prepare. The experience
gained in Italy has shown that for the production of reliable landslide susceptibility maps,
quality and abundance of the available landslide and thematic information is more important
than selection of a “best” statistical classification method (Carrara et al., 1992, 1995, 1999;
Guzzetti et al., 1999a). Others authors have expressed a different opinion, supported by field
data and statistical analyses (e.g., Chung and Fabbri, 2004), but it is unquestionable that where
sufficient information exists landslide susceptibility can be ascertained, and maps showing its
spatial distribution can be prepared. Indeed, susceptibility models and maps of different forms
and reliability can be obtained for the same area depending on the type and quality of the
available information.
By incorporating information on the instability factors that are known or supposed to control
landslide spatial occurrence and abundance, susceptibility maps are capable of predicting the
location of landslides even in the areas where landslides were not recognized or mapped. As a
result, errors in the landslide inventory maps are compensated for by a reliable susceptibility
model. This is a marked improvement over inventory and density maps. Susceptibility maps
are also filler in space and, if combined with the corresponding landslide inventory (e.g.,
Cardinali et al., 2002b), they retain the advantages of the inventory, e.g. they show where
landslides were recognized and mapped, and they provide a quantitative assessment of the
probability of spatial occurrence of future landslides for the entire territory.
Landslide susceptibility models – and the resulting maps – represent a marked improvement
over inventories and density maps, but have limitations. In a landslide susceptibility map only
the presence (and not the extent or the number) of landslides is predicted. Within each
mapping unit (and regardless of the type of the adopted mapping unit) no distinction is made
between a small slope failure and a large landslide, or between several small failures and a
single large mass movement. The problem is less severe when using grid cells as the mapping
unit of reference, and is more severe when adopting one of the other types of terrain
subdivisions (§ 6.2.2). Most commonly, the degree of activity of the known landslides is not
accounted for by a susceptibility assessment. A further limitation of a landslide susceptibility
map lays in the fact that such map does not provide any insight on the temporal frequency of
occurrence, or the magnitude (i.e., the size or destructiveness) of the expected slope failures.
In a susceptibility map, no distinction is made between mapping units where landslides are
expected with a high temporal frequency (e.g., every rainy season), from those where slope
failures are expected only every tens, hundreds or even thousands of years. Also, no
distinction is made on the size (e.g., length, area, volume) of the expected landslides, which in
many cases directly affects their destructive power. In addition, statistically-based
susceptibility models are negatively influenced by the extent of the investigated area, which
makes it difficult to compare susceptibility classes from different locations (Carrara et al.,
1991, 1995; Guzzetti et al., 1999a; 2000). These limitations jeopardize the potential use of
landslide susceptibility maps for civil defence, for applications in landslide warning systems,
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and to some extent even for land use planning. In a pristine area, where elements at risk are
not yet present, a susceptibility map can be applied, and more detailed studies can be made to
determine the temporal occurrence of landslides. In an area where elements are risk are
already present (e.g., houses, roads, the population, etc.), and decisions have to be made on
remedial or relocation measures, it is difficult to establish a policy without knowing when (or
at least how frequently) a landslide will occur, and how large or destructive the mass
movement is expected to be.
Although they are diagnostically powerful and superior to more simple approaches, such as
inventory and density maps, landslide susceptibility models are complex tools that can be
difficult to master and exploit. They need to be applied with care to planning and land
development, and only by experienced geomorphologists, who will often be the same people
who helped build them. This is particularly relevant for areas that were either misclassified by
the susceptibility model, or where the model was unable to classify the terrain. In these places,
it is essential to understand how a model behaves before it can be put to any practical use. A
landslide susceptibility model should always be used in combination with all the information
that was used to build it. The operation is simplified if the information is available in digital
format in a properly organised GIS database.
Lastly, it should be understood that landslide susceptibility models – and the resulting
associated maps – are nothing more than geomorphological spatial predictions. Like any other
scientific prediction, they should be accompanied by a quantitative estimate of the error
associated with the prediction (Jolliffe and Stephenson, 2003). Susceptibility maps should be
further quantitatively tested to evaluate their prediction skills (§ 6.5). To those embarking in
the preparation a landslide susceptibility assessment, it should be clear that a policy maker
interested in incorporating their landslide susceptibility prediction into a land use regulation or
a building code is most probably more concerned in the performance of the susceptibility
model with time (i.e., in the aptitude of the model of predicting new landslides) and less
interested by how well the same model fits the known distribution of past slope failures. Lack
of proper model verification and of relevant information on the error associated with the
susceptibility estimate, is a primary reason for the limited application of landslide
susceptibility models and maps in building codes, civil defence scenarios, and land
development and exploitation plans.

9.4. Landslide hazard assessments
Landslide hazard assessments are the most sophisticated and complex form of landslide
cartography currently available (e.g., Guzzetti et al., 2005a). As they are derived from the
analysis of many instability/environmental factors, landslide hazard models are capable of
explaining why landslides are abundant or sparse (through their landslide spatial probability
component), to provide estimates of the frequency of landslide occurrence, and of the
magnitude (e.g., size, or destructiveness) of the expected slope failures (§ 7). These are
considerable enhancements over susceptibility zonations, which make hazard models and
maps particularly appealing to decision makers, land use planners, and civil defence managers.
Like density and susceptibility maps, landslide hazard maps are filler of space. If combined
with the corresponding (multi-temporal) inventory maps, they retain the advantages of the
inventories, e.g. they can show where landslides were recognized and mapped, including
information on the age of the landslides inferred from the date of the aerial photographs or of
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the field surveys. Hazard models incorporate a susceptibility component, i.e., the spatial
probability of landslide occurrence. For this reason, many of the advantages and the
limitations discussed for susceptibility models and maps also apply to hazard models and
maps, including the need for proper model verification and for a quantitative estimate of the
error associated with the hazard prediction.
Landslide hazard models are indubitably the most powerful analytical and diagnostic tool
currently available to geomorphologists and decision makers to predict the spatial and
temporal occurrence of mass movements, and the evolution of landslide hazards in a region.
However, models of landslide hazard are more difficult to prepare than susceptibility models
or density maps (§ 7). Hazard modelling requires considerable efforts to collect and validate
input data that are often not readily available (e.g., multi-temporal landslide inventory maps).
Being dependent on information on the temporal occurrence of landslides, which can be
currently effectively colleted only for relatively small areas, hazard models are also negatively
influenced by the extent of the investigated area. Lastly, hazard models needs interaction
between expert geomorphologists and statisticians in order to process the available data in
such a way as to avoid statistically sound but geomorphologically unrealistic results.
More than any other landslide cartographic product, hazard models need to be applied with
great care to planning and land development, and only by the same team of experienced
geomorphologists and statisticians who helped prepare them. The problem is particularly
relevant for the areas that were either misclassified by the susceptibility component of the
hazard model, or where the susceptibility assessment was unable to classify the terrain. The
problem is also significant where the temporal component of the hazard model was unable to
provide reliable estimates of landslide occurrence (or recurrence), or where the model
component for landslide magnitude was unable to provide reliable estimates of the expected
landslide size or destructiveness. In these places, it is essential (mandatory) to understand how
a hazard model behaves before it can be put to any practical use.
Like the other previously discussed landslide cartographic products, a landslide hazard model
must always be used in combination with all the geomorphological and the thematic
information used to construct it. However, there is a significant difference between hazard
models and the other cartographic products (i.e., landslide inventory, density and susceptibility
maps). The probabilistic model adopted to ascertain landslide hazard at the basin scale (§ 7.3),
and its variations used to determine landslide hazard at the national scale (§ 7.4), or to
determine rock fall hazard along roads (§ 7.5), all generate a very large number of predictions
(i.e., of hazard assessments). Each prediction represents a possible landslide scenario, i.e., a
combination of landslide spatial occurrence, of expected landslide size or destructiveness, and
of landslide temporal probability for a different period. Individual landslide scenarios can be
shown by separate hazard maps, each portraying different levels of landslide hazard. Efficient
display of multiple hazard scenarios cannot be obtained using traditional (paper) maps. A large
ensemble of landslide hazard maps and of the geomorphological and thematic information
used to prepare them can be accomplished efficiently by exploiting GIS technology, provided
the information is stored in a properly organized database.
Even an efficient GIS system that operates on a well organized geographical database cannot
solve two problems typical of (i.e., inherent to) landslide hazard assessments. The first
problem concerns the development and use of methods and techniques to synthesize the large
number of predictions produced by a single hazard assessment in a reduced number of maps or
charts. This involves establishing criteria and defining thresholds to efficiently cluster hazard
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scenarios in a reduced set manageable by decision makers, land developers, civil defence
managers, and concerned citizens. The second problem concerns the comprehensive
assessment of the level of hazard posed by different threats, e.g., by different landslide types,
or by different natural hazards (e.g., landslides, floods, show avalanches, etc.) present in the
same area at the same or at different times. This includes investigations on methods and
techniques for the appropriate analysis of multiple hazards.

9.5. Landslide risk evaluations
A significant difference exists between the information provided by landslide risk evaluations
(as discussed in § 8) and the information supplied by the other landslide cartographic products
(§ 9.1 to § 9.4). The goal of a landslide inventory map consists in showing the location of
slope failures. The purpose of landslide density, susceptibility and hazard maps is to zone
(rank) the territory, based upon the abundance of landslides, the levels of landslide
susceptibility, or the levels of landslide hazard. Thus, the focus of landslide inventory, density,
susceptibility, and hazard maps is the territory. Conversely, landslide risk assessment aims at
determining the loss or the expected damage to a specific element (e.g., a person, house, road,
or asset), resulting from a hazardous affecting landslide (§ 8.2, Varnes and IAEG Commission
on Landslides and other Mass-Movements, 1984; Vandine et al., 2004). Hence, the focus of a
landslide risk assessment is the element at risk (and not the territory). The difference is
significant and should be made clear to the potential users of landslide risk evaluations.
Establishing heuristic or probabilistic levels of landslide risk is a complex operation that most
commonly involves designing multiple landslide scenarios. From what I have presented in § 8,
it should be clear that preparing a single landslide risk assessment does not make much sense.
Risk depends on hazard (i.e., on the state of nature, § 7) as much as on the type, distribution,
abundance and vulnerability of the elements at risk (§ 8.2.1). The latter varies for the different
types of mass movements. As an example, a person travelling along a road may be highly
vulnerable to small rock falls, which may cause only minor, aesthetic damage to the road.
Conversely, a large but slow moving landslide may not cause direct harm to the people leaving
or working on the landslide, whose houses however may be severely damaged or destroyed by
the movement of the landslide.
Difficulties in preparing and using risk assessments include: (i) the difficulty in determining
all the relevant information needed to establish levels of landslide risk (lack of information),
(ii) problems in selecting meaningful and realistic landslide scenarios, (iii) the fact that
establishing risk levels is a political and economical as much as a technical, scientific and
logical decision (see below), (iv) the difficulty in combining in a meaningful and useful form
the results obtained for different scenarios (multiple risk), and the results obtained by different
experts (lack of consensus), and (v) the fact that even minor changes, e.g., in the number,
position or type of the elements at risk can affect significantly the result of the risk assessment
effort (large uncertainty). For these reasons, even more than for the susceptibility and hazard
assessments presented before, risk evaluations should always be used in conjunction with all
the information used to obtain them. The user of a risk assessment should always be aware of
the information, data, assumptions, logics and constrains used or assumed to perform the risk
evaluation. If the information changes, the assumptions don’t hold true, or constrains are
modified, the risk evaluation should be reconsidered, updated or rejected. Risk evaluations
need to be applied with extreme care to planning, land development, civil defence and warning
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systems, and only by experienced scientists in combination with decision and policy makers
and qualified risk managers.
Establishing landslide risk levels is a political and economical as much as a technical decisionmaking process, which depends on the interests and the assets of the person, institution,
company, etc. (i.e., of the “stakeholder”) potentially bearing the physical, economical and
political consequences of the landslide(s). For the manger of a mountain road network, rock
falls endangering a highly trafficked road used daily by local inhabitants and tourists, may
represent a severe hazard. For this manager, the road and the people travelling along it may be
at high risk, requiring first-priority mitigation efforts. For the manager of a gas duct laid along
the same mountain road, rock falls may not represent a significant threat to the pipeline. The
second manager may be more concerned about debris flows destroying a bridge and severing
the pipeline; a condition of high economical and technological risk for the gas duct. The Maier
of a town may have to decide how to invest finite economic resources to mitigate the hazard
posed by a large magnitude but low frequency landslide event (a large rock slide), with
potential catastrophic consequences to private properties of high economic value to the
community (e.g., hotels in a mountain resort), or to reduce the risk posed by frequent, but
small rock falls and by recurrent, minor debris flows along the access road to the town. The
Maier decision will – quite certainly – be taken not solely on a technical (e.g.,
geomorphological) background, but will require the analysis of several – probably conflicting
– information, interests, constraints and obligations.

9.6. Establishing a landslide protocol
For civil defence purposes, land use planning and policy making, a single landslide map
(whether it be an inventory, density, susceptibility or hazard map), or even a combination of
two or more types of landslide maps, is seldom considered adequate (Godefroy and Humbert,
1983; Ahlberg et al., 1988; Swanston and Schuster, 1989; Brabb, 1991, 1995, 1996, 2002;
Guzzetti et al., 1999, 2000; Raetzo et al., 2002). To exploit the map(s) potential to the full, a
“protocol” must be established. A “landslide protocol” consists in a coherent and organized
set of regulations that links terrain domains to proper rules for best exploitation of the terrain
and maximum acceptable safety to human beings and the assets. This is comparable to a
protocol in the medical science and practice, which is followed (adopted) by researchers and
doctors to cure a specific illness based on scientific knowledge, verified statistics, available
information, and the results of specific laboratory tests.
A landslide protocol should exploit all the available knowledge on landslides in a given area –
including maps and predictive models – to allow decision and policy makers to make the best
possible choice on the use of the land, given the existing constrains and the available
information. A landslide protocol: (i) should fit the local morphological, geological,
meteorological, and land use setting, including the different types of mass movements that
may be present in an area, and their most common triggers; (ii) it should be tailored to respond
to specific and general user needs. More than one protocol may be established on the same
area by different users (e.g., the two managers of the mountain road network and of the gas
duct discussed in § 9.5 may adopt different landslide protocols); (iii) it should be “scalable”,
i.e., it should be able to use additional or new information when it becomes available (e.g., it
should be able to exploit the information provided by a new susceptibility map prepared for an
area for which an inventory and a density map are already available and used by the protocol);
(iv) it should comply with the existing local and national legislation – or it should be able to
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modify it; and (v) it should conform to the social and economic structure of the territory for
which it is designed. Finally, the “performance” of a landslide protocol should be monitored,
in space and time. Procedures for monitoring of the entire protocol and of specific rules must
be built-in in the protocol, and must be put into action in the early stage of implementation of
the protocol.
Here, I do not intend to design – or explain how to design – a specific landslide protocol, or to
establish general (i.e., all-purpose, wide-ranging, regional) or specific (i.e., local) rules for the
proper and effective management of single or multiple landslides or landslide areas. On the
one side, this is beyond the scope of this work (§ 1.2). On the other side, rules and regulations
to manage landslide hazards and to mitigate the associated risk are largely site specific and
problem oriented. Such rules must be established to solve local and regional instability
problems, considering all the existing technological, economical, societal, legislative, and
political constrains. Instead, I intend to outline a framework for the design of an effective
landslide protocol. The proposed framework: (i) is deliberately very general, (ii) it is based on
landslide cartographic products discussed in this work, including inventory, density,
susceptibility and hazard maps, (iii) it is independent from the techniques, methods and tools
used to obtain the different types of landslide maps and models, (iv) it is capable of using
information of different completeness and complexity, from inventory maps to hazard models,
and (v) it assumes that land use regulations are established – and applied – in landslide areas,
in the vicinity of landslide areas, and in the mapping units used to partition (i.e., zone) the
territory.
Where no landslide information is available, i.e., where not even an inventory map was
prepared, land use regulations based on landslide information cannot be established. For areas
where a landslide inventory was prepared (Figure 9.1.A) only one set of regulations can be
established, i.e., for the areas mapped as landslides. Little can be said about the remaining
territory, unless a distinction is made between the areas that are free of landslides and those
where landslides were not recognised (e.g., Cardinali et al., 1990); a distinction that is usually
not made in landslide inventory maps. For landslide areas, regulations may change depending
on the type, age, degree of activity, and certainty of the landslide, where this information is
available. Separate rules, e.g. calling for more specific investigations, can be established in the
vicinity of an existing (i.e., known, mapped) landslide, or in the area of the possible expansion
of a landslide (e.g., down slope from the toe of a complex slide). The extent of the warning
zone may be fixed, or may vary depending on landslide size, type, and expected evolution
(Felicioni et al., 1994; Cardinali et al., 2003; Guzzetti, 2004; Reichenbach et al., 2005).
Designing regulations for density maps may be somewhat easier (Figure 9.1.B). In these maps,
the land area that is potentially hazardous is not classified as totally free of landslides. A single
rule, either loosely or tightly enforced, or a set of rules of escalating complexity can be
designed to depict increasing spatial density of landslides. The combination of landslide and
density maps shows information of different utility and requires two sets of rules: one for the
areas mapped as having landslides and one for the remaining land area. The latter will be
based on the abundance of landslides. For the San Mateo County in the San Francisco Bay
Region (California), the number of landslides per square acre was used to control (i.e., limit)
the building of new developments (Brabb, 1995). For the purpose, a landslide inventory map
prepared by the U.S. Geological Survey was used (Brabb and Pampeyan, 1972). This is an
example of a simple and effective land use regulation established based upon landslide
density.
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Figure 9.1 – Conceptual example for the design of a landslide protocol. Rules are based on the type of
landslide map, and the type and abundance of the available landslide information.
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It can be difficult to design a protocol for a landslide susceptibility map (Figure 9.1.C). Rules
can be made that take model output and reliability into consideration, and deal differently with
terrain domains classified as unconditionally stable or unstable, and those for which further
investigation is required. A complex set of regulations based on a susceptibility model would
cover areas mapped as having landslides, those that the model defines as landslide-prone or
stable, those of uncertain definition, and even the areas that were mapped erroneously (i.e.,
misclassified) by the susceptibility model. Where the quality of the susceptibility model was
quantitatively verified, and the error (i.e., a measure of the uncertainty) associated with the
probability estimate was determined, the information can be used to modify individual rules,
e.g., by calling for more specific investigations in areas where the uncertainty is large.
Development of a thorough protocol based on landslide susceptibility may be greatly aided by
GIS technology.
Design of a landslide protocol that fully exploits the information provided by a complete
landslide hazard assessment (Figure 9.1.D) can be extremely complex, but may also prove
very effective (advantageous) for the end user , allowing for the optimal development of a
territory, given the physiographical setting and the social, economical and political constrains.
Where a landslide hazard assessment exists, rules can be made that: (i) cover areas mapped as
having landslides, (ii) consider the spatial probability of landslide occurrence (i.e.,
susceptibility), (iii) consider the expected recurrence of landslides, for different time periods,
and (iv) consider the magnitude (e.g., area, volume, destructiveness) of the expected slope
failures. For landslide areas, the same considerations made for landslide inventories apply, i.e.,
regulations may change depending on the type, age, degree of activity, and certainty of the
landslide, where this information is available. Separate rules can be established in the vicinity
of an existing landslide, or in the area of the possible or probable expansion of a landslide. For
the spatial probability of landslide occurrence the same considerations made for susceptibility
maps apply, i.e., rules can be established for areas defined as stable or unstable by the model,
for unclassified areas, and for areas misclassified by the model. In addition, specific rules can
be established – or the existing rules can be modified – based on the expected magnitude or
the expected recurrence of the slope failures. As a complete hazard assessment results in a
large set of scenarios, a comprehensive protocol exploiting all the available hazard information
would probably be linked to different landslide scenarios. For the purpose, GIS technology
becomes essential. Within a GIS environment encompassing all the information used to build
the hazard model, rules can be defined that consider information such as topography,
morphology, lithology, urban expansion, and land use, which is not readily available from
landslide inventory, density or susceptibility maps.
Establishing general land use regulations based on the results of a landslide risk evaluation is
problematic, and to some extent controversial. For this reason, I have not considered landslide
risk in Figure 9.1. As I have explained before (§ 9.5), the focus of a landslide risk evaluation
differs from that of the other types of landslide investigations. The focus of a risk assessment
is an individual element at risk (e.g., a single house), a group of elements at risk (e.g., a group
of houses, or a village), or a class of elements at risk (e.g., all residential buildings in a
village). Thus, focus of a risk assessment are the elements at risk present or anticipated in an
area, and not the area per se (i.e., the territory) – unless the area is considered an asset. Since
the rules of a landslide protocol apply to terrain domains (i.e., to clearly defined land areas),
establishing rules based on risk evaluations is difficult. Further, landslide risk results from the
complex interaction between hazards (i.e., the “state of nature”, Cardinali et al., 2003), the
presence of the elements at risk, and their individual and cumulative vulnerability to the
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expected hazards (§ 8.2). Thus, regulations should take into account all the three mentioned
aspects, including hazards, elements at risk, and vulnerability. Such regulations may be very
difficult to establish, and controversial in places. This is not to say that the results of a
landslide risk evaluation cannot be used to mitigate the negative effects of landslide hazards.
Landslide risk evaluations can be used to determine the levels of risk of single or multiple
elements at risk. Based on this information, actions to reduce the risk to the vulnerable
elements can be selected and implemented, including structural and non-structural
measurements aimed at mitigating the hazards.
It is worth pointing out that the design of a landslide protocol – as such – does not guarantee
that landslide hazards are reduced, and that landslide risk is mitigated or avoided. To mitigate
the hazards and reduce the associated risk, a protocol must be: (i) adopted, (ii) implemented,
(iii) monitored, and (iv) modified and updated, where necessary. Adoption and
implementation of a landslide protocol, including possible modifications to the existing
legislation, is the task of decision makers and legislators. Geomorphologists can provide
technical expertise to encourage the adoption of the landslide protocol, and can help designing
the new legislation, where needed. Monitoring of the landslide protocol is essential. This
complex operation should be performed by teams of experts, including geomorphologists,
covering various expertises. Verifying the performance of a landslide protocol, or of specific
rules within the protocol, requires establishing criteria and thresholds. The latter, is a very
difficult task that requires various expertises and multiple iterations. When problems or
deficiencies are outlined in an adopted protocol, these should be carefully considered and
proper solutions should be searched, including specific (local) modifications to the existing
rules, the introduction of local rules, and the introduction of new, general rules.

9.7. Summary of achieved results
In this chapter, I have:
(a) Critically evaluated the information content – including advantages and limitations – of
different landslide maps and models, in view of their potential use by various end users.
(b) Shown that, despite limitations, all the discussed cartographic products have potential
useful applications, but also that landslide cartographic products are specific (i.e., not
interchangeable).
(c) Proposed the idea of a “landslide protocol”, i.e. of a coherent and organized ensemble of
rules linking terrain domains to land use regulations.
This responds to Question # 8 and contributes to respond to Question # 9 posed in the
Introduction (§ 1.2).
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10. CONCLUSION AND FINAL RECOMMENDATIONS
The player's attention is on the instrument,
a composer thinks to the whole opera.
We don’t use good advice.
We just pass it to others.

In this last chapter, I draw the conclusions and I propose general recommendations for the
preparation and use of landslide inventory maps, of landslide susceptibility and hazard
assessments, and of landslide risk evaluations. I draw my conclusions on what I have
presented and discussed in the previous chapters, and I propose the recommendations based on
the experience gained in landslide studies carried out mostly in Central Italy in the last twenty
years.

10.1. Landslide mapping
Landslide mapping (or “landslide inventory making”) is a mandatory step for any rational and
effective landslide investigation aimed at zoning a territory on landslide susceptibility, at
ascertaining landslide hazards, or at determining landslide risk. In § 3, I have illustrated the
characteristics, advantages and limitations of different types of landslide inventories, including
archive inventories, geomorphological maps, event-inventory maps, and multi-temporal
landslide maps. The latter represent the most advanced form of landslide inventory. In § 4, I
have shown how to analyze the information portrayed in landslide inventories to: (i) ascertain
the spatial distribution and abundance of landslides (through the construction of density maps),
(ii) ascertain the temporal frequency of slope failures, (iii) compare different inventories
quantitatively, and (iv) evaluate the completeness and reliability of the available landslide
inventory maps. In the other chapters, I have demonstrated the use of landslide inventory maps
to: (i) determine the frequency-size statistics of landslides, important information for erosion
analysis, for landscape modelling, and for landslide hazards and risk evaluations (§ 5), (ii)
prepare models for the appraisal and zoning of landslide susceptibility (§ 6), (iii) determine
landslide hazards (§ 7), and (iv) to evaluate landslide risk (§ 8).
Good quality, reliable geomorphological landslide inventory maps provide knowledge on
landslide distribution, abundance, types and patterns in a region. Geomorphological inventory
maps: (i) are used to zone the landslide susceptibility in large and complex regions (e.g., § 6.4;
Cardinali et al., 2001, 2002b), (ii) supply valuable data to study the relationships between the
lithological and structural settings and the landslide types and pattern (Guzzetti et al., 1996),
and (iii) can be used to determine the possible impact of landslides on the structures, the
infrastructure, or the agriculture (e.g., § 8.5.2; Guzzetti et al., 2003). Despite the fact that
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geomorphological inventory maps prove extremely valuable for susceptibility, hazard and risk
studies – particularly over large areas – review of the literature shows that such products are
rare. The reasons for this shortcoming are manifold, and include inability of environmental
and planning agencies to understand the value of regional geomorphological inventories
(Brabb, 1996), the difficulty of preparing landslide maps over large areas accurately and
consistently (Guzzetti et al., 2000), and the complexity of building reliable geographical
databases containing landslides, lithological, and structural information for large regions
(Carrara et al., 1999). The experiments conducted in Umbria (§ 3.3.2.2; Antonini et al., 2002a;
Guzzetti et al., 2003) and in the Upper Tiber River basin (Cardinali et al., 2001, 2002b) have
demonstrated that a team of qualified geomorphologists can prepare reliable geomorphological
inventory maps for large regions, at a cost comparable to – or lower than – the cost for the
acquisition of other environmental information (e.g., geological, soil or land use mapping).
Based on this experience, I recommend that geomorphological landslide inventory maps are
prepared for large territories (e.g., a large river basin, a province, a region) and even for
entire countries, using proper mapping methods and tools (e.g., photo-interpretation
techniques aided by field surveys).
The experience gained in the Umbria Region, where detailed, large-scale (i.e., 10,000 scale)
geomorphological landslide inventory maps were prepared for large areas (§ 3.3.2.2), has
demonstrated that the landslide and the topographic information are strictly coupled, and that
landslides should be shown only with the topographic maps used to prepare the inventory.
Where this is not possible, information should be given to the user of the landslide inventory
on the type, date and cartographic characteristics of the map used to identify and map the
landslides, and of the base map used to portray or publish the landslide information. This
cartographic recommendation is valid for all types of inventories, including the event and the
multi-temporal maps, and applies particularly to landslide inventories shown or distributed in
digital format, e.g. http://maps.irpi.cnr.it.
Event inventory maps prove extremely important for a variety of applications, including: (i)
establishing the extent, abundance and types of slope failures triggered by a single event or by
multiple events (e.g., § 3.3.3; Antonini et al., 2002b; Cardinali et al., 2000, 2005; Guzzetti et
al., 2004), (ii) determine the extent of damage caused by a triggering event on the population,
the structures and the infrastructure (e.g., § 3.3.3.4; Guzzetti et al., 2003a; Cardinali et al.,
2005), (iii) determine the frequency-size (i.e., area and volume) statistics of landslides in a
region (§ 5; Guzzetti et al., 2002b; Malamud et al., 2004a), (iv) contribute to the production of
multi-temporal inventory maps (e.g., § 3.3.4, § 7.3), and (v) to the verification of landslide
susceptibility, hazard and risk assessments (e.g., 6.5.1.7). For these reasons, I recommend that
accurate event inventory maps are prepared after each landslide triggering event (e.g., a
rainstorm, a prolonged period of rain, an earthquake, or a rapid snowmelt event).
To prepare an event inventory map, recent (with respect to the event) stereoscopic aerial
photographs taken from airplanes (or high-resolution, stereoscopic or pseudo-stereoscopic
optical images of comparable resolution taken from satellites) must be available. I further
recommend that such remotely-sensed images are systematically taken immediately after a
landslide-triggering event. Images taken immediately after an event provide unique
information on the type and extent of damage, including landslides, caused by the event, at a
cost that is a fraction of any remedial effort. It is equally important that aerial photographs be
obtained after large magnitude events, affecting a large territory, and moderate or slight
magnitude events, affecting only a limited area.
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Field surveys should also be conducted after an event, to: (i) obtain reliable landslide
information (i.e., “ground truth”) to guide the interpretation of the aerial photographs, (ii)
obtain information not or poorly visible on the available aerial photographs, (e.g., to map
landslides under a thick forest cover or landslides too small to be shown on the aerial
photographs, or to determine the thickness of the failed material), (iii) estimate the
completeness of an inventory obtained solely from the interpretation of the aerial photographs,
and (iv) update an inventory prepared from the interpretation of aerial photographs. The event
inventories should cover the entire territory affected by the event, and not only a part (often
small) of the affected area. When this is not possible (e.g., for lack of resources), an estimate
of the area affected by the landslides should be given, and a clear distinction should be made
between areas where landslides were mapped systematically, areas where landslides were
mapped un-systematically (e.g., only along the roads), and areas where slope failures were not
searched.
Multi-temporal landslide inventory maps represent the most advanced and sophisticated form
of a landslide inventory. They show landslides of different types and ages, allowing for the
combined investigation of the spatial and temporal evolution of the slope failures in an area.
The latter analysis provides very useful information for landslide hazard studies (§ 7.3,
Guzzetti et al., 2005a) and for geomorphologically-based landslide risk assessments (§ 8.4;
Cardinali et al., 2002a; Guzzetti et al., 2004; Reichenbach et al., 2005). In a good quality
multi-temporal inventory map, landslides of different dates or periods are classified according
to the type of movement, and the estimated age, activity, depth, and velocity – at the date of
the aerial photographs or field investigations (e.g., 3.3.4.1; Galli et al., 2005). For many areas
in the world, stereoscopic aerial photographs are available since about the mid 1950’s, and in
places earlier than that. Where multiple sets of aerial photographs taken at different dates are
available, multi-temporal landslide inventory maps can be completed to estimate the local
landslide recurrence, and to investigate the spatial relationships between failures of different
ages and types. I recommend that multi-temporal inventory mapping is pursued wherever
information on the short-term (e.g., 25-50 years) evolution of slopes is important (or
mandatory) to correctly map the landslides, to evaluate the hazards, and to ascertain the
associated risk.
The experience gained in the preparation of multi-temporal landslide maps in the Staffora
River basin (§ 7.3, Guzzetti et al., 2005a), in the Collazzone area (§ 3.3.4.1, 6.5.1; Galli et al.,
2005), and at other sites in Umbria (§ 8.4; Cardinali et al., 2002a; Guzzetti et al., 2004;
Reichenbach et al., 2005), has demonstrated that obtaining a reliable multi-temporal inventory
is a difficult and time consuming operation. In the production of a multi-temporal inventory,
great care must be taken in the location of landslides of different dates or periods, and in
identifying areas where local morphology has changed in response to mass movements,
avoiding interpretation errors due to land use modifications or to the different views provided
by aerial photographs taken at different dates. This is not an easy task (§ 3.3.4.1). For this
reason, I recommend that multi-temporal inventories are prepared only where sufficient
geomorphological competence and information exist, including the availability of multiple
sets of aerial photographs. I further recommend that efforts are made to train personnel
capable of preparing, maintaining and using multi-temporal landslide inventory maps.
Multi-temporal inventories are expensive maps, when compared to other types of landslide
inventories. In Umbria, an area for which inventory maps of different types are available (§
3.4.1) the rate of photo-interpretation for a multi-temporal map was found 13-time higher than
the rate for a detailed regional geomorphological map, and 60-time higher than the rate for a
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regional reconnaissance map. These figures indicate that multi-temporal inventory maps can
effectively be prepared only for limited areas, where the added value of the combined analysis
of spatial and temporal information is important (e.g., where landslide hazard or risk have to
be determined).
Record of historical landslide events provide useful information, e.g. to: (i) determine the
temporal frequency (or the recurrence) of landslide events in a region (§ 4.5, Guzzetti et al.,
2003a), (ii) ascertain landslide hazard at the national scale (§ 7.4), (iii) determine societal and
individual risk levels at the regional or national scale (§ 8.3.1), or (iv) ascertaining the most
common type of damage caused by slope failures in a region (§ 8.5). Regional and national
Geological Surveys, environmental and planning agencies, civil defence offices, and other
concerned organizations should keep records of the landslides and the landslide events that
have occurred in historical times in any given area. Maintaining information on landslides and
their consequences can be done at different levels of completeness, ranging form the
compilation of simple lists showing the date of occurrence of an event and the consequences
(e.g., the number of casualties, Guzzetti, 2000; Salvati et al., 2003), to the production of
complex landslide databases, recording topographical, morphological, lithological,
geotechnical, etc., information on individual and multiple slope failures. An ideal historical
landslide record should be “long” and “comprehensive”, i.e., it should span many years and it
should contain information on all aspects of the landslide phenomenon. However, due to time,
financial and other constrains this is rarely (or never) possible. I recommend that
organizations and individuals interested in compiling landslide records tailor their efforts to
the available resources and abilities, aiming at constructing longer catalogues rather than
complex but less extended databases (Guzzetti et al., 2000).
Landslide inventory maps are very effective products that can – and should – be prepared for
small and large areas (i.e., entire river basins, provinces or regions), and even for entire
countries, for the benefit of many. To prepare landslide inventories, consistent and
reproducible methods should be adopted, as the reliability and quality of the adopted methods
influence the quality of the final product. Completeness, resolution and reliability of the
landslide inventory maps (of all types) and of the landslide historical records, should always
be ascertained. I recommend that, when preparing a landslide inventory map, the techniques,
methods and tools used to complete the inventory, including type of stereoscope, type and
scale of aerial photographs and base maps, level of experience of the investigators, time
required, and extent of field checking, are clearly specified. Without this information an
inventory map may be used by others for scopes for which the map was not originally
prepared. Knowing the characteristics of a landslide catalogue, including completeness,
sources and methods used to compile the information, is important when using the landslide
record to estimate landslide susceptibility, hazard or risk.
A recognized limitation of landslide inventory maps refers to their intrinsic subjectivity, and to
the difficulty of measuring their quality (Guzzetti et al., 2000; Malamud et al., 2004a).
Absolute criteria to establish the quality of landslide inventory maps have not been
established, and the quality of a landslide inventory is ascertained in relative terms, i.e., by
comparison with other inventories (§ 3.4). In general, comparisons should be aimed at
establishing how well the different inventories: (i) describe the location, type, and abundance
of the landslides in the investigated region (§ 4.2, § 4.3), (ii) can be used to determine the
statistics of landslide areas (§ 5), and (iii) provide reliable information to construct landslide
susceptibility models (§ 6). Where two (or more) landslide inventory maps are available, I
recommend that the maps are compared to assess: (i) the extent of the cartographic
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matching between the maps, (ii) the differences in the abundance and distribution of the
mapped landslides, (iii) the frequency-size (i.e., area, volume) statistics of the mapped
landslides, and (iv) the performance of the inventory maps as predictors of landslide
susceptibility or landslide hazard. To reach these goals, specific tests are available. Pair-wise
analysis of the mapped landslides in a GIS allows for testing the degree of cartographic
agreement (or disagreement) between two maps (§ 4.2.2). To quantify the geographical
correspondence, specific mapping error and map matching indexes can be computed. Drawing
confidence belts of different sizes around the mapped landslides helps determining the
proportion of the mismatch due to drafting and other cartographic errors, from map differences
due to diverse geomorphological interpretations (§ 4.2.2). Simple geographical operations in a
GIS allow for quantifying the differences in the abundance of the mapped landslides. For the
purpose, a geomorphologically meaningful subdivision of the terrain is required. Slope units
proved to be particularly suited for the scope, but other terrain subdivisions can be adopted. To
summarize the differences, contingency tables and specific plots can be prepared. The
frequency-area statistics of landslides can be obtained from digital catalogues of landslide
areas (§ 5). In preparing the catalogues, care must be taken in defining the area of the
individual landslides (Malamud et al., 2004a). Estimating the probability density or the
frequency density of landslide area from an empirical distribution is not a trivial exercise. Care
must be taken in the application of the obtained statistics, considering the errors (i.e., the levels
of uncertainty) associated with the statistics (Guzzetti et al., 2002; Malamud et al., 2004a).
Lastly, the significance of a landslide map as a source of information to assess landslide
susceptibility can be established by comparing a susceptibility model prepared using the map
to be tested against a second susceptibility model prepared using the same set of thematic data
and different (more reliable) landslide information (Galli et al., 2005). Again, to summarize
the differences between different susceptibility models, contingency tables and plots can be
prepared.

10.2. Landslide susceptibility zoning
Landslide susceptibility is the likelihood of a landslide occurring in an area on the basis of the
local terrain conditions (Brabb, 1984). It is the degree to which a terrain can be affected by
slope movements, i.e., an estimate of “where” landslides are likely to occur in the future. In §
6, I have discussed the – numerous – methods proposed in the literature to ascertain landslide
susceptibility, including a description of the applicable terrain subdivisions (i.e., the “mapping
units”). I have then introduced a probabilistic model for landslide susceptibility, discussing
problems and difficulties in its application, and presenting an example for the Upper Tiber
River basin (§ 6.4). Lastly, I have discussed the problem of the verification of the
performances and the prediction skills of a landslide susceptibility model. To illustrate the
concepts and the proposed solutions, I have shown an example of a complete verification of a
landslide susceptibility model prepared for the Collazzone area (§ 6.5.1).
The literature on landslide susceptibility assessment is vast (§ 6.1 and § 6.2), indicating a
considerable interest for the topic worldwide. In Italy, several examples exist of landslide
susceptibility assessments at various scales and in different physiographic regions. The Italian
examples range from the pioneering work of Carrara (1983), who was essentially the first to
introduce sound, classical statistical methods to determine landslide susceptibility, to modern
examples exploiting GIS technology and large thematic databases, some of which cover areas
extending for thousands of square kilometres (Cardinali et al., 2002b). The experience gained
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in preparing landslide susceptibility models and maps in Italy (e.g., Carrara, 1983; Carrara et
al., 1991, 1995, 1999, 2003; Guzzetti et al., 1999a, 2000; Ardizzone et al., 2002; Clerici et al.,
2002; Donati and Turrini, 2002; Cardinali et al., 2002b; Sorriso-Valvo, 2005; Guzzetti et al.,
2005a,d) has shown that the quality and reliability of a landslide susceptibility assessment
depend more on the quality, resolution, completeness and reliability of the thematic
information used to ascertain the susceptibility, than on the classification method used to
complete the susceptibility assessment. In order words, quality of the landslide and thematic
information is more important than the type of modelling approach. Based on this result, I
recommend that resources are invested in the acquisition of high-quality information that is
relevant to the distribution and characteristics of landslides in a study area. This is not a
trivial or inexpensive task. In places, establishing what type of thematic information to collect
to successfully ascertain landslide susceptibility is not obvious. The search for relevant
parameters should be tailored to the complexity of the study area and the type of landslides to
be investigated. Unreliable, badly formulated, low-quality data should not be used to ascertain
landslide susceptibility, and investigators should refrain from using “whatever information is
available” to construct a landslide susceptibility model. Unfortunately, review of the literature
suggests that this is often the case. Many authors seem to be more interested in experimenting
classification methods, often not even new, to estimate landslide susceptibility, rather than
spending time and resources to obtain reliable landslide inventory maps and high quality
thematic information. In addition, authors appear even less interested in obtaining data
necessary for the verification of the obtained susceptibility models. If this practice can be
tolerated (but certainly not applauded) in an academic environment, where results do not
necessarily have a direct and immediate impact on society, it cannot be accepted for regional
and national Geological Surveys or for planning agencies, whose task is to provide reliable
information to the planners and decision makers, with the aim of establishing policies that may
directly effect the life of individuals or the economy of a region. For these Institutions and
Organizations the quality and reliability of the results of a landslide susceptibility zoning are
(at least) as important as the methods used to obtain the zoning.
The work carried out in the central and northern Apennines has also shown that landslide
susceptibility models and maps can be prepared at scales suitable for land planning and for
areas extending from several tens to few thousands of square kilometres, using detailed
geomorphological and thematic information at scales ranging from 1:10,000 to 1:25,000 (e.g.,
Cardinali et al., 2001; 2002a). Based on this experience, I recommend that landslide
susceptibility models and maps are prepared for large areas (i.e., entire provinces or regions)
using consistent, scientifically-based, and reproducible methods. Selection of the modelling
techniques should be aided by the type of landslides to be investigated and the availability of
relevant thematic information, and not by the GIS, statistical or modelling software at hand.
Statistical (i.e., functional) and deterministic (i.e., physically-based) methods should be
preferred. Experiences obtained by different teams in different physiographical environments
in Italy and elsewhere have proved that these methods provide the most reliable, quantitative
results.
Models for landslide susceptibility zoning are forecasts of the spatial occurrence of landslides
that, like any other forecast, should always be verified. Inspection of the literature reveals that
only recently a handful of authors have began considering the problem of the verification /
validation of landslide susceptibility assessments, and have started publishing susceptibility
models together with their quantitative verifications (§ 6.5). Lack of proper quantitative model
validation may explain why planners, land developers and decision makers are reluctant to
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adopt landslide susceptibility zoning. I recommend that the quality, reliability and sensitivity
of landslide susceptibility model and map are always carefully verified and tested. This
should be accomplished by checking the model results against good quality inventory maps. I
further recommend that a landslide susceptibility model is tested to: (i) determine the degree
of model fit, (ii) establish the aptitude of the thematic information to construct the model,
including an assessment of the sensitivity of the model to changes in the landslide and the
thematic information used to construct the model, (iii) determine the error associated with
the probabilistic estimate obtained for each mapping unit, and (iv) verify the skill of the
model prediction to forecast “future” landslides. The latter, can only be accomplished using
landslide information not available to construct the susceptibility model.
In § 6.5.2, I have discussed criteria for comparing and ranking the quality of landslide
susceptibility assessments. I recommend that such criteria are adopted for evaluating the
quality of all susceptibility models. Based on the proposed criteria, when no information is
available on the quality of a landslide susceptibility model (when no verification test is
conducted) the obtained susceptibility product has the lowest possible level of quality (level
0). This level of quality should be considered unacceptable. When estimates of model fit – i.e.,
the ability of the model to replicate the known distribution of (past) landslides – are available,
the susceptibility assessment has the least acceptable quality level (level 1). When a
quantitative estimate of the error associated with the predicted susceptibility value for each
mapping unit is available, the susceptibility assessment has a higher level of quality (level 2).
Lastly, when the prediction skill of the model is known – i.e., the ability of the model to
predict the location of new (future) landslides –, the susceptibility assessment has a still higher
quality rank (level 4). The proposed scheme allows summing the individual quality levels,
making available a flexible and comprehensive system for ranking the quality of landslide
susceptibility predictions, provided acceptance thresholds are established. Defining acceptance
thresholds for all the proposed verification tests which are valid for different study areas is not
a trivial task. Much work needs to be done in this area.
I provide a last recommendation for landslide susceptibility assessments. Where landslide,
geomorphological and environmental information is not available, or is not of adequate
quality to prepare a reliable susceptibility model, or where the susceptibility model cannot be
verified quantitatively, it is perhaps better to base land planning on a simpler form of
landslide cartography (e.g., a landslide density map, or a simple landslide inventory) rather
than using ill-formalized, unreliable, or unverified susceptibility models.

10.3. Landslide hazard assessment
The largely accepted definition of landslide hazard given by Varnes and the IAEG
Commission on Landslides and other Mass-Movements (1984) is now more than 20 years old.
Amendments and modifications to this definition have been proposed by various researchers,
including Guzzetti et al. (1999a) and Vandine et al. (2004), based on field and laboratory
experiences. Despite the time and the extensive list of published papers – most of which, in
spite of the title or the intention of the authors, deal with landslide susceptibility and not with
landslide hazard (§ 6.1, 6.2, 7.1) – to the best of my knowledge only one example exists of a
comprehensive (i.e., “complete”) landslide hazard assessment at the basin scale (e.g., Guzzetti
et al., 2005a; § 7.3). This is largely due to difficulties associated with the quantitative
determination of landslide hazard.
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In § 7.2 I have reviewed the relevant literature on landslide hazard assessment, and I have
proposed a probabilistic model for the quantitative definition of landslide hazard. Following
Varnes and his IAEG collaborators (1984) and Guzzetti et al. (1999a), the model defines
landslide hazard as the probability of occurrence within a specified period and within a given
area of a landslide of a given magnitude. Hence, for a complete landslide hazard assessment
one must determine not only “where” landslide can occur, with a certain probability but also
with what frequency (“when”), and “how large”, destructive or intensive the landslides will
be. Based on the proposed model, to determine landslide hazard one has to establish the
probability of landslide spatial occurrence (i.e., susceptibility, § 6), the probability of temporal
landslide occurrence (§ 4.5), and the probability of landslide area (§ 5), the latter is considered
a proxy for landslide magnitude. When the three probabilities are known, and assuming
independence, the investigator can successfully determine landslide hazard by multiplying the
three individual probabilities.
As explained in § 7.2, the proposed probabilistic model is conceptually simple. The
operational difficulty lays in the complexity of obtaining the required information. Despite the
difficulty in data acquisition, Guzzetti et al. (2005a) successfully completed a landslide hazard
assessment for the Staffora River basin, an area that extends for 275 square kilometres (§ 7.3).
Based on the results obtained in the Staffora River basin, I recommend that landslide hazard
is determined at the basin scale, using the proposed probabilistic model, or adopting a
different model. In the latter case, I recommend that the adopted model is well founded,
mathematically and geomorphologically.
Models for landslide hazard assessment are forecasts of the probability of the spatial and of the
temporal occurrence of slope failures, and of the probability of landslide magnitude (e.g., area,
volume, destructiveness, etc.). Like any other forecast, hazard assessments should be carefully
verified. To verify a landslide hazard model, one has to verify the individual model
components (i.e., the probabilities of spatial occurrence, of temporal occurrence, an of
landslide size), and their ensemble (i.e., the joint probability). The latter involves establishing
the validity for the condition of independence between the three individual probabilities,
which may not be easy to prove. To verify the probability of spatial occurrence of landslides,
I recommend that the same procedure and the same tests devised to verify a landslide
susceptibility zoning are used (§ 6.5). The temporal aspect of landslide hazard (i.e., when or
how frequently a landslide will occur in any given area) remains a crucial, poorly formalized
problem. The difficulties encountered in the preparation of multi-temporal landslide inventory
maps (§ 3.3.4, § 3.4.1), which are fundamental sources of information to establish landslide
hazard (§ 7.3), may limit our ability to prepare landslide hazard assessments to areas of limited
extent (e.g., from some tens to a few hundred square kilometres). I recommend that multitemporal landslide inventory maps are prepared to obtain information on the temporal
occurrence of landslides. I also recommend that efforts are made to better incorporate time
into spatially distributed (statistical or deterministic) landslide hazard models (Guzzetti et
al., 2005a,d), and to establish quantitative tests to validate the landslide temporal
predictions. Where this is not possible (e.g., due to lack of relevant data), I suggest that an
estimated time-frame for the validity of a hazard model (and the associated maps) is provided
using external information (e.g., the age of the oldest landslides in a region, the known or
inferred return period of the main landslide triggering events). I further recommend that tests
are designed to verify and validate the estimates of the probability of landslide size used in
the hazard models, and that the hypothesis that landslide size (e.g., area, volume) or
landslide destructiveness are reasonable proxies for landslide magnitude is carefully tested.
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The latter can be established analysing historical records of landslides and their consequences,
and by exploiting geomorphological reasoning.
A comprehensive set of criteria for ranking the quality of landslide hazard assessments is not
available yet. I recommend that such criteria to evaluate the quality of hazard assessments
are developed as an extension to the criteria used to rank the quality of landslide
susceptibility zonings. This will involve establishing appropriate acceptance thresholds for the
proposed verification tests.
I conclude these remarks on landslide hazard modelling reminding that the proposed
probabilistic method used to ascertain landslide hazard at the basin scale (e.g., in the Staffora
River basin, Guzzetti et al., 2005a; § 7.3), and its variations adopted to assess landslide hazard
to the population of Italy (at the national scale, § 7.4), or to determine rock fall hazard (e.g.,
along the Nera River and the Corno River valleys, Guzzetti et al., 2004b; § 7.5), all produced a
considerable number of maps, i.e., a – potentially very large – number of predictions, one for
each of several possible landslide scenarios. How to fully exploit this large amount of
information needs further investigation. I recommend that studies are made to investigate
methods and tools to make better products useful to the end users (e.g., civil defence
managers, planners, decision makers, land developers, etc.). This includes investigations on
how to treat multiple hazards, and how to properly transfer scientific information to key users
and the public.

10.4. Landslide risk evaluation
The evaluation of the risk posed by individual slope failures or by multiple landslides on
different assets, including the population, is the ultimate goal of all the investigations aimed at
mitigating the consequences of the slope failures. In § 8, I have presented concepts and
definitions useful for landslide risk assessment, including a discussion of the differences
between quantitative (i.e., probabilistic) and qualitative (i.e., heuristic) approaches. In the
same chapter, I have shown examples of probabilistic and heuristic (geomorphologically
based) landslide risk assessments performed at several different scales, from the local scale (§
8.4) to the national scale (§ 8.3.1). Based on the results obtained, I recommend that specific
and total landslide risk evaluations be performed, quantitatively and qualitatively, at local,
regional and national scales.
The literature on landslide risk evaluation is expanding rapidly (e.g., Wise et al., eds. (2004a);
Glade et al., eds. (2005); Hungr et al., eds. (2005)). Inspection of the recent literature reveals
that not enough good quality examples are available to allow for a critical evaluation of the
techniques and methods currently used to ascertain landslide risk, particularly where different
types of slope failures pose multiple risks (Wise et al., 2004b). Both qualitative and
quantitative risk assessments may prove useful, depending on the type, quality and abundance
of the available data. I argue than more information should be collected, and renewed
efforts should be made to critically compare the outcomes of different risk assessment
procedures.
Where a detailed and sufficiently complete catalogue of landslides and their human
consequences is available, individual and societal risk levels can be established (§ 8.3.1;
Guzzetti, 2000; Salvati et al., 2003; Guzzetti et al., 2005b,c). Such analyses should be
encouraged, and the results should be compared with quantitative estimates available (or
obtainable) for other natural (e.g., earthquakes, floods, volcanic eruption, snow avalanches,
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etc.), societal (e.g., homicides, workplace accidents, overdoses), and technological (e.g., car
and airplane accidents) hazards, and for the leading medical causes of deaths (Salvati et al.,
2003; Guzzetti et al., 2005b,c). This may also help defining acceptable risk criteria. I
recommend the application of mathematically sound methods to define individual and
societal risk levels.
Where information to complete probabilistic risk assessments is not available, or is not
sufficiently detailed or reliable, heuristic (e.g., geomorphological) assessments can be
attempted. Based on the results obtained in Umbria, I recommend the experimentation of
heuristic approaches that exploit geomorphological information and inference (§ 8.4). Such
methods proved efficient, reliable and cost effective in Umbria (Cardinali et al., 2002b;
Guzzetti et al., 2004; Reichenbach et al., 2005). Where information is not available even to
attempt a heuristic analysis of landslide risk, I recommend that the possible impact of
landslides on different assets is determined (§ 8.5.2). An estimate of the expected impact on
slope failures on different types of elements at risk can be easily obtained by jointly analysing
in a GIS the know distribution of landslides (i.e., a landslide inventory map) and the
distribution of the elements at risk, including the population (8.5.2.2), the structures and
infrastructure (8.5.2.1), and the agriculture (8.5.2.3) (Guzzetti et al., 2003a). I encourage
efforts aimed at ascertaining the possible (or expected) impact of slope failures on the
population, the built-up environment, the transportation network and the other lifelines, at all
scales, from the local to the national scale. When performing such exercises, I recommend
that great care is taken in assessing the quality, reliability and consistency of the thematic
data used for the analysis, including those showing the location and types of the vulnerable
elements. Apparently minor errors in the various thematic layers of a GIS database, and small
cartographic mismatches between the different layers, may result in large errors in the
obtained estimates of the expected landslide impact.
Serious attempts to ascertain landslide risk relay on the availability of reliable information on
the frequency of landslide phenomena, and on the type and severity of the damage (i.e., the
consequence) caused by the expected landslides (i.e., the vulnerability). Systematic records of
historical landslide events and their consequences are rare, difficult to construct and expensive
(§ 3.3.1). However, such catalogues provide fundamental (mandatory) information to
determine landslide risk. I recommend that more resources are allocated to the construction
of historical catalogues of landslide events and their consequences. The catalogues should
contain information on all types of landslide consequence (including damage to the
population), important information for determining the vulnerability of the various elements at
risk to slope failures.
Lastly, I like to stress that establishing landslide risk levels is a political as much as a technical
decision-making process. Landslide experts should spend more time working in cooperation
with economists, decision makers, land developers, civil defence managers, and concerned
citizens in order to perform landslide risk analyses. This is most important when attempting to
determine total risk, a process that includes the comparison and integration of landslide risk
assessments with assessments for other natural and man-made hazards. Involvement of
concerned or directly interested people (i.e., people whose life, assets or interests are
potentially or directly at risk) is of paramount importance, and should be pursued – where
possible – from the early stages of a landslide risk assessment effort. Informed people take
sound, dependable decisions.
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10.5. Concluding remarks
In the Introduction I gave myself nine major questions to answer (§ 1.2). These questions
corresponded to ideas to verify and problems to solve. I can now say that I have answered all
the questions, but I have not solved all the problems.
For most of the problems I was able to find a positive and satisfactory solution. I was able to
demonstrate that landslide maps can be prepared consistently and reliably even for very large
areas spanning across major physiographical boundaries, and that the quality, reliability and
completeness of landslide maps can be determined and measured. I showed how the temporal
information on slope failures can be obtained from archive and multi-temporal landslide
inventories, and how this information can be exploited to determine landslide hazard and risk.
I presented methods to obtain reliable statistics of landslide area and volume, and I have
shown how to use the obtained statistics for probabilistic landslide hazard modelling. I have
demonstrated that landslide susceptibility can be ascertained over large areas, allowing for
large territories to be zoned based on their propensity to generate mass movements, and that
the quality of the susceptibility forecasts can be measured and ranked. I have demonstrated
that landslide hazard can be determined using simple probabilistic methods that exploit
geomorphological information available from the interpretation of aerial photographs, and I
have shown how landslide risk can be determined at different geographical scales. Lastly, I
have proposed a method to best exploit the available landslide maps, models and forecasts to
contribute to mitigate the risk posed by mass movements.
As I said, open problems remain. As an example, it is unclear how to obtain reliable multitemporal landslide information with a spatial resolution suitable for probabilistic landslide
hazard assessments over large areas. Also, it remains unclear to what extent probabilistic and
heuristic (geomorphological) risk evaluations can be reconciled, and at what scale. Finally, I
was not able to identify a single, unified framework for landslide cartography, i.e., for the
science and art of mapping landslides, of determining landslide hazards, and of evaluating the
associated risk. It is worth spending a few more words on this last open problem.
Landslides are the result of different geophysical (i.e., earthquakes, volcanic eruptions) and
meteorological (i.e., intense rainfall, prolonged rain periods, rapid show melt) triggers, and of
a variety of human actions, including topographical, morphological, hydrological and land use
changes (Crozier, 1986; Turner and Schuster, 1996). The diversity of the triggers, and the
large variety of morphological, geological, and climatic environments where landslides can
develop, contribute to make slope failures extremely diversified phenomena that cover broad
ranges in space (length, width, area, thickness and volume), time, velocity, energy, magnitude
and destructiveness. Due to extraordinary breadth of the spectrum of landslide phenomena (§
1.1), a single (unique) method to identify and map the landslides, to ascertain their hazards,
and to evaluate the associated risk, is out of our reach at the present state of knowledge and
technology. It remains unclear if such a “unified” method will be possible in the future, with
improved knowledge and new technologies. This does not mean that similar approaches and
comparable methods and techniques cannot be adopted. To the opposite, in this work I have
demonstrated that a common set of tools (i.e., a “toolbox”) can be used to map landslides, to
zone their susceptibility, to ascertain the hazard levels, and to evaluate the risk posed by slope
failures at different spatial and temporal scales.
The “toolbox” consists of an ensemble of scientific knowledge, case studies, reliable statistics,
tested models, proven techniques, and verified procedures. With this respect, a similarity
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exists between a doctor (or a team of medical specialists) attempting to diagnose a complex
illness and a geomorphologist (or a team of Earth scientists) investigating a landslide, or a
population of landslides, and attempting to define the associated hazard and risk levels. In both
cases, no single “tool” (i.e., procedure, method, technique, model, etc.) is available to solve the
problem for all the people or for all the landslides, at all the times. Instead, both experts use a
variety of tools, depending on the specific case and on the problem at hand. The type, number,
precision and reliability of the available tools change with time, depending on the availability
of new knowledge, additional or improved information, the available resources, and on
technological advancements. What is also common to both experts is that availability of a
large and efficient “toolbox” is meaningful only if the tools are used by well-trained and
experienced professionals. Sophisticated tools in the hands of incompetent professionals are
useless, or even dangerous.
Despite efforts, landslide phenomena are still poorly understood, particularly at the regional
scale. Additionally, their interactions with the economic and human sphere remain a largely
novel problem to geomorphologists and even more to social scientists. Geomorphology has
only recently provided well-founded models (§ 6.3) and reliable and verified examples for
landslide susceptibility assessment (§ 6.5). A model for landslide hazard assessment exists (§
7.2), but applications remain limited, in extent and number. For landslide risk evaluation,
models exist (§ 8.2) but no general agreement on their use has been reached among experts,
and only a few reliable applications are available.
In this context, industrialised societies and developing countries face increasingly complex
problems of civil defence, land use planning and environmental policy making (Plattner,
2005). These are different from the traditional problems of both pure and applied science
(Funtowicz and Ravetz, 1995; Murck et al., 1997). Environmental issues and policy decisions
challenge geomorphologists with very difficult issues. Due to the uncertainties in data
acquisition and handling, and in model selection and calibration, landslide hazard assessment,
and risk evaluation are out of the reach of the traditional “puzzle-solving” scientific approach,
based on controlled experiments. In general, predictive models of landslide hazard and risk
cannot be readily tested by traditional scientific methods. Indeed, the only way a landslide
prediction can be verified is through time (Hutchinson, 1995). Solutions to these challenging
problems may come from a new scientific practice enabling to cope with large uncertainties,
varying expert judgements, and societal issues raised by new hazard and risk evaluations.
Within this framework, geomorphology may play a renewed role, particularly if
geomorphologists will be able to better formalise and extend their knowledge on slope
processes at different scales and in different physiographic environments. I hope this work has
contributed to this ambitious goal.
Landslides are multivariate, multi-temporal, highly non linear phenomena with complex
feedbacks varying in scale from the local to the regional. The geomorphological and economic
impact of mass movements ranges from the very short to the very long term. Indeed,
landslides represent a “complex” problem, and to a large extent a nightmare for modelling and
forecasting. If the problem is “complex”, why there should be an easy solution? This work has
demonstrated that there is no such easy solution. Landslide identification and mapping,
landslide susceptibility zoning, landslide hazard assessment, and landslide risk evaluation, all
require extensive work, and the collaborative efforts of skilful, well trained experts in several
different fields.
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10.6. Prospective thoughts
Problems remain to be solved in the realm of landslide cartography. It is perhaps useful to
conclude this work with a look into the future, in an attempt to foresee (or to envision)
strategies to solve the remaining problems and new problems that may arise.
Landslide inventory maps covering systematically entire nations, or even an entire continent,
are not available, but methods to prepare such maps are available and have been successfully
tested. It is not difficult to envision a landslide inventory map covering the whole of Europe, at
a scale and with a resolution suitable for local decision making and land use planning. Such
map will not only prove useful to obtain a continent-wide estimate of landslide susceptibility,
it will also allow for, e.g., investigating the types, pattern and abundance of landslides in
relation to agriculture, and in particular to changes induced to the landscape by agricultural
policies of the European Union. This issue is relevant to many areas in Europe, and may
become even more relevant in the near future. A detailed landslide inventory map of Europe
will also contribute significantly to investigate the slope processes that shape the landscape of
the continent, including soil erosion.
The assessment of landslide susceptibility is, in my opinion, a largely solved problem, at least
for areas covering from a few tens to a few thousands of square kilometres. The challenge in
this particular field is the preparation of landslide susceptibility zonings for very large
territories, covering a large region, an entire country, or a whole continent. In this context the
difficulty lays in the availability of the relevant information, and on the complexity and
amount of the information. I envision the possibility of obtaining multiple landslide
susceptibility zonings for entire nations, based on sound statistical modelling of detailed geoenvironmental data, of the same or of higher quality and resolution than the information used
to obtain, e.g., the landslide susceptibility map for the Upper Tiber River basin in Central
Italy. I further envision the possibility to prepare susceptibility models at different spatial
scales, nested one into the other like Russian dolls. Each model will exploit all the available
thematic and landslide information at a given scale, will provide information relevant to
different users, and will be linked to the other models obtained at smaller and larger scales.
In landslide susceptibility, the main issue today seems to be that of the validation of the
obtained forecasts. On this topic, much can be learned from disciplines (e.g., meteorology and
weather forecast) for which forecast verification has a long tradition and has become a daily
practice. Schemes for susceptibility model validation are emerging, and criteria for acceptance
or rejection of a susceptibility forecast have been proposed. I imagine the development and
wide spread use of accepted, standardized criteria for the validation of the performances and
the ranking of the quality of landslide susceptibility forecasts. This will provide much needed
credibility to the landslide cartographic products.
To validate landslide susceptibility forecasts, information on new or reactivated landslides is
compulsory. This type of information is not currently collected in a systematic fashion, using
accepted, certified methods. I envision a system – a network of institutions, organizations,
research groups, and individual investigators – capable of routinely and systematically
collecting accurate and detailed information on slope failures, and particularly after each
landslide triggering event. This system will exploit established mapping techniques (e.g., field
surveys and the interpretation of aerial photographs) and innovative technologies, including
very high resolution images obtained from satellite or high altitude airplanes. However, the
remotely sensed images will have to allow for stereoscopic vision. Detailed spatial monitoring
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of landslides will also exploit innovative technologies capable of monitor subtle ground
deformations, including networks of continuous GPS measuring stations, and the differential
interferometric analysis of SAR images. The latter will require overcoming some of the
limitations inherent in the existing satellites (e.g., short wavelength and consequent
widespread loss of coherence, insufficient revisit time, etc.).
Probabilistic landslide hazard assessment is currently feasible only for relatively limited areas,
extending at most for a few hundreds of square kilometres. However the proposed methods are
– in principle – applicable to much larger areas. I envision the possibility of preparing multitemporal landslide inventory maps (i.e., the basic building block for probabilistic landslide
hazard assessment) for large and very large areas, extending for several thousands of square
kilometres. This will require teams of well trained and motivated geomorphologists, and the
wide spread utilization of new mapping techniques, including the exploitation of remote
sensing technology and ground-based monitoring methods. To obtain landslide hazard, the
frequency-size statistics of landslides must be determined as accurately as possible. Methods
for obtaining reliable estimates of the probability distribution of landslide size from empirical
data are available. However, only a handful of inventories – and only event inventories – are
sufficiently complete to allow for a reliable estimate of the statistics of landslide size. I
imagine the possibility of exploiting detailed nation-wide or continent-wide inventory maps,
and of complete event inventories prepared after landslide triggering events of different
magnitude and in different physiographical environments, to determine unequivocally the
probability distribution of landslide area and volume.
For many applications, including the probabilistic definition of landslide hazard and the design
of reliable and credible landslide risk scenarios, information on past slope failures is vital. For
other natural hazards, and most prominently for earthquakes, large efforts have been made –
and considerable resources have been invested – to collect historical information on past
events and their consequences. Similar information is generally lacking for landslides. Where
available, the historical information typically covers a comparatively short period of time (e.g.,
one or two centuries) or a small area (a single town, a valley or a group of valleys). Lack of
historical data on the occurrence of landslides and their triggers hampers the definition of
landslide hazard. I envision the systematic collection and analysis of historical information on
landslides, and related natural hazards. This information will greatly contribute to the
understanding of the landslide phenomena and to the design of better forecasting models and
risk mitigation strategies. The historical information may also contribute to better determining
the vulnerability to the different types of mass movements, which remains largely unknown.
To determine landslide susceptibility or landslide hazard, physically based methods are
currently not applicable over very large areas, mostly due to the lack of relevant information
and the simplifications required to make the models feasible (i.e., solvable). Availability of
new thematic information (e.g., digital terrain models with sub-metric resolution prepared
routinely, i.e., every year, every few months, or on demand, for entire nations, or information
on soil thickness and water content obtained exploiting remote sensing technology) can foster
the application of physically based methods for determining landslide hazard. I imagine the
possibility of coupling physically-based and statistically-based methods for the better
definition of landslide hazard at the national scale.
Methods and strategies to evaluate landslide risk are available. Better and more sophisticated
methods can certainly be designed and implemented. However, in risk assessment the main
issue seems to be the availability of relevant and reliable data to apply the available methods
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and models. Another issue is the possibility to – and again the availability of information for –
the validation of the risk evaluations. In this context, multiple-risk analysis appears to be the
next challenge. I foresee the possibility of completing complex risk analyses encompassing all
hazards in area, including natural hazards and in particular landslide hazard.
Finally, I like to imagine a system – or a set of systems linked to form a network – that
routinely (e.g. every day, or even every hour) ascertain the level of landslide hazard over very
large areas or an entire nation, exploiting existing and new data and modelling facilities, real
and near-real time measurements obtained from surface and sub-surface probes, networks of
continuous GPS stations, and products obtained from remotely sensed observations. Coupled
with reliable, quantitative weather forecasts, and detailed information on the type and location
of the elements at risk, including information on the vulnerability of the different elements at
risk, such system will contribute to mitigate landslide risk substantially, and chiefly by
reducing the human consequences of potentially damaging landslide events. A measure of the
success of such an idealized system will be the reduced number of lives lost due to mass
movements.
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12. GLOSSARY
There is no need for precision,
if you don’t know what you are talking about.
Rocks are lighter than words.

Nomenclature is important. Despite the efforts, in landslide recognition and mapping (Varnes,
1978; Cruden, 1991; Cruden and Varnes, 1996; WP/WLI, 1990, 1993, 1995), susceptibility
and hazard assessment (Varnes and IAEG Commission on landslides and other mass
movements, 1984; Aleotti and Chowdhury, 1999; Guzzetti et al., 1999; Partnership for
Reducing Landslide Risk, 2004) and risk evaluation (Varnes and IAEG Commission on
landslides and other mass movements, 1984; Einstein, 1988; 1997; Cruden and Fell, 1997;
ISSMGE TC32, 2004; Partnership for Reducing Landslide Risk, 2004; Vandine et al., 2004;
Wise et al., 2004; Glade et al., 2005), confusion exists on the use and application of many
terms. This often results in difficulty in comparing the results of different investigators. The
simplified glossary presented in this chapter does not have the ambition of solving the
problem. In the following, some of the most important terms or expressions used in this work
are listed. For each term a short explanation is provided and, where appropriate, reference is
made to the relevant literature. Meaning of some of the language used in this work may not be
the same as that found in the literature.

A
ACCEPTABLE RISK: A risk for which, for the purposes of life or work, stakeholders are
prepared to accept “as is,” and for which no risk control is needed (Wise et al.,
2004).
ARCHIVE INVENTORY: A form of landslide database, reports the location of sites or areas were
landslides are known to have occurred from bibliographical, literature and archive
inquires (WP/WLI, 1990).
ARTIFICIAL NEURAL NETWORKS: Computational frameworks capable of simulating in a crude
fashion the behaviour of the human brain in solving a complex problem (Michie et
al., 1994).
ASSESSMENT: a description of what has happened and what is there, how much of it, and
possibly why it got there and how (Fabbri et al., 2003).
ASSETS:

A synonym of Elements at risk.
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C
CASUALTIES: Sum of fatalities (deaths and missing persons) and injured people caused by a
damaging event.
CATASTROPHISM: In geology, the doctrine that at intervals in the earth’s history all living
things have been destroyed by cataclysms (e.g., floods or earthquakes) and
replaced by an entirely different population.
COMPLETENESS (OF AN INVENTORY): The degree to which the landslide inventory records all
the slope failures occurred in an area, during a single event or in a period of time
(Malamud et al., 2004a).
CONSEQUENCE: The effect on human well-being, property, the environment, or other things of
value, or a combination of these (Wise et al., 2004).
D
DAMAGE (EXPECTED DAMAGE): Expected loss, monetary or else, to an element at risk given the
occurrence of a hazardous landslide.
DANGER:

A (natural) phenomenon that can lead to damage, described in terms of its
geometry, mechanical and other characteristics. Danger can be existing or
potential. Threat is a synonym of danger.

DEATH RATE: A synonym of mortality rate.
DENSITY

MAP:

A map showing landslide density, measures the spatial distribution of slope
failures (DeGraff, 1985).

DESTRUCTIVENESS: The power of a landslide to cause damage. A proxy for the magnitude of
the landslide.
DISASTER: A serious disruption of the functioning of a community or a society causing
widespread human, material, economic or environmental losses which exceed the
ability of the affected community or society to cope using its own resources
(ISSMGE TC32, 2004).
DISCRIMINANT ANALYSIS: A classical multivariate statistical technique used to classify
samples into alternative groups on the basis of a set of measurements.
E
ELEMENTS AT RISK: The population, properties, economic activities, including public services,
etc., at risk in a given area (Varnes and IAEG Commission on Landslides and
other Mass-Movements, 1984).
EVACUEES: People forced to abandon their homes temporarily.
EVENT

INVENTORY:

A form of landslide inventory shows all the landslides triggered by a
single event, such as an earthquake, rainstorm or prolonged rainfall period, or
snowmelt event. It is typically prepared thought the systematic interpretation of
aerial photographs taken shortly after an event, supplemented by field surveys.

EXCEEDANCE PROBABILITY: For any threshold, x, the probability that during a period t, (e.g., a
year) a random variable, X, will exceed some x; or P[X>x].
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EXPERT: An individual with specialized knowledge or skill in a field, gained normally through
a combination of training and experience.
EXPERT

SYSTEMS:

Computer programs capable of exploiting complex information to make
decisions, usually based on a set of rules.
F

FATAL EVENT: Event that resulted in fatalities.
FATALITIES:

Sum of the deaths and missing persons caused by a damaging event.
G

GEO-HYDROLOGICAL UNIT: A type of mapping unit obtained by subdividing slope units based
on the main lithological types cropping out in a region (Cardinali et al., 2002b).
GEOMORPHOLOGICAL INVENTORY: A form of landslide inventory shows the sum of many
landslide events over a period of tens, hundreds or even many thousands of years.
It is typically prepared thought the systematic interpretation of aerial photographs.
GRID CELL: Divide the territory into regular squares of pre-defined size. Used in raster-based
GIS systems.
H
HAZARD: A source of potential harm. The probability or likelihood that a danger (or threat)
will materialize.
HOMELESS: People who lost their homes.
HUMAN CONSEQUENCES: Casualties, homeless people and the evacuees.
I
INDIVIDUAL RISK: Risk imposed by a hazard (e.g., a landslide) to any unidentified individual
(Cruden and Fell, 1997; ISSMGE TC32, 2004).
INVOLUNTARY RISK: Risk imposed on an individual or society. Examples include building
structural failure, dam failure, and lightning strikes (Wise et al., 2004).
ISOPLETH LINES: Lines showing equal quantity. Used to show, e.g., landslide density (Wright et
al., 1974).
J
JUDGMENT: An estimate or conclusion drawn on the basis of all the information available,
including data, models, literature, and experience.
L
LANDSLIDE CARTOGRAPHY: The science and art of preparing landslide maps and models. An
ensemble of theories, paradigms, models, methods, and techniques to obtain,
analyze and generate relevant information on landslides, and to convey it to the
end users.
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LANDSLIDE

DENSITY: The frequency or percentage of landslide area in any given region
(DeGraff, 1985).

LANDSLIDE HAZARD MODEL: Model (and associated maps) showing landslide hazard.
LANDSLIDE HAZARD ZONE: Area of possible or probable evolution of an existing landslide or a
group of landslides of similar characteristics (Cardinali et al., 2002b).
LANDSLIDE

HAZARD: The probability of occurrence within a specified period and within a
given area of a landslide of given magnitude (Guzzetti et al., 1999).

LANDSLIDE

INTENSITY: A measure of the destructiveness of a landslide (Hungr 1997). A
synonym of, or a proxy for, landslide magnitude. In geomorphological risk
assessment, it is defined as a function of the landslide volume and of the landslide
velocity.

LANDSLIDE INVENTORY: The simplest for of landslide map. It shows the location and, where
known, the type of landslides that left discernable features in an area (Hansen,
1984).
LANDSLIDE

MAGNITUDE:

A synonym of landslide intensity. Measured by the size (area or
volume), speed, momentum or destructiveness of the landslide.

LANDSLIDE

PROTOCOL: A set of regulations that links terrain domains on inventory, density,
susceptibility and hazard maps, to proper land use or planning rules.

LANDSLIDE SUSCEPTIBILITY/HAZARD ZONATION: Division of the land into homogeneous areas
or domains and ranking of the areas according to their degree of actual o potential
landslide susceptibility or hazard (Guzzetti et al., 1999a).
LANDSLIDE: The movement of a mass of rock, debris, or earth down a slope (Cruden and
Varnes, 1996).
LIKELIHOOD: In Bayesian statistics, the conditional probability of an outcome given a set of
data, assumptions and information. Also used as a qualitative description of
probability and frequency.
LOGISTIC REGRESSION ANALYSIS: A classical multivariate statistical technique used to
investigate a binary response from a set of independent measurements.
M
MAPPING

UNIT:

Portion of land containing a set of ground conditions that differ from the
adjacent units across definable boundaries (Hansen, 1984).

MORTALITY RATE: The number of deaths per 100,000 of any given population over a predefined period.
MULTIPLE RISK: Risk to more than one specific element from a single specific hazardous
affecting landslide or the risk to one specific element from more than one specific
hazardous affecting landslide (Vandine et al., 2004).
MULTI-TEMPORAL INVENTORY: The most advanced form of landslide inventory. It shows the
location and types of failures in an area, and portrays their evolution in space and
in time. Typically prepared thought the systematic interpretation of aerial
photographs of different periods available in an area, field surveys, and
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information on the occurrence of historical landslide events, obtained by searching
archives and bibliographical sources.
N
NATURAL HAZARD: The hazard posed by a potentially damaging natural event or process, such
as an earthquake, flood, volcanic eruption, snow avalanche, hurricane, ground
subsidence or landslide.
P
PARTIAL RISK: The product of the probability of occurrence of a specific hazardous landslide
and the probability of that landslide reaching or otherwise affecting the site
occupied by a specific element. Also referred to as the probability of a specific
hazardous affecting landslide (ISSMGE TC32, 2004).
PERSISTENCE: The degree to which new a slope failure occurs in the same place as an existing
landslide.
PREDICTION: A description of what will happen in the future, where it will happen, and when
(Fabbri et al., 2003).
PROBABILITY DENSITY FUNCTION: The probability distribution of a continuous random
variable.
PROBABILITY MASS FUNCTION: The probability distribution of a discrete random variable.
Often depicted graphically by a probability histogram.
PROBABILITY OF LANDSLIDE SIZE: The probability that a landslide will have an area greater or
equal than an established landslide area, AL. It can be estimated from the analysis
of the frequency-area distribution of known landslides, obtained from landslide
inventory maps.
R
RESIDUAL RISK: The risk remaining after all risk control strategies have been applied (Wise et
al. 1997).
RESIDUAL RISK: The risk remaining after all risk control strategies have been applied (Wise et
al. 1997).
RISK:

Mathematically expressed as the product of the probability of the occurrence and
the probability of the consequence.
S

SCENARIO: A description of a hypothetical, potentially damaging event and its consequences,
including includes a description of the “actors” and the “context”.
SLOPE

UNIT:

SOCIETAL

A type of mapping unit that partitions the territory into hydrological regions
between drainage and divide lines (Carrara et al., 1991).

RISK:

Risk imposed by a hazard (e.g., a landslide) on society as a whole (Cruden
and Fell, 1997; ISSMGE TC32, 2004).
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SPECIFIC RISK: The expected degree of loss due to a particular natural phenomenon. It may be
expressed as the product of hazard and vulnerability (Varnes and IAEG
Commission on Landslides and other Mass-Movements, 1984). The risk of loss or
damage to a specific element, resulting from a specific hazardous affecting
landslide (Vandine et al., 2004).
SPECIFIC VALUE OF RISK: The worth of loss or damage to a specific element, excluding human
life, resulting from a specific hazardous affecting landslide (Vandine et al., 2004).
STAKEHOLDERS: Any individual, group, or organization able to affect, be affected by, or
believe they might be affected by, a decision or activity. Decision-makers are
stakeholders (Wise et al., 2004).
STRUCTURED EXPERT JUDGMENT: A systematic set of steps and analytic methods for
accurately representing the range of expert estimates or conclusions about an
uncertain variable or outcome.
SUSCEPTIBILITY MAP: Map showing where landslides may form. Ranks slope stability of an
area into categories from stable to unstable.
SUSCEPTIBILITY: The likelihood of a landslide occurring in an area on the basis of local terrain
conditions (Brabb, 1984).
T
TERRAIN MAPPING UNIT: A type of subdivision of the terrain based on the observation that in
natural environments the interrelations between materials, forms and processes
result in boundaries which frequently reflect geomorphological and geological
differences.
THREAT: A synonym of danger.
TOOLBOX (FOR LANDSLIDE CARTOGRAPHY): An

ensemble of scientific knowledge, case studies,
reliable statistics, tested models, proven techniques, and verified procedures to
prepared landslide cartographic products.

TOPOGRAPHIC UNIT: Vector-based subdivision of the terrain obtained by partitioning a
catchment or a single slope into stream tube elements of irregular size and shape
(O’Loughlin, 1986).
TOLERABLE RISK: Risk that stakeholders are willing to live with so as to secure certain net
benefits, knowing that the risk is being properly controlled, kept under review, and
further reduced as and when possible (Wise et al., 2004).
TOTAL

RISK:

The expected number of lives lost, persons injured, damage to property, or
disruption of economic activity due to a landslide (Varnes and IAEG Commission
on Landslides and other Mass-Movements, 1984). Risk to all specific elements
from all specific hazardous affecting landslides (Vandine et al., 2004).
U

UNCERTAINTY: Describes any situation without certainty, whether or not it is describe by a
probability distribution. Caused by natural variation and/or incomplete knowledge
(ISSMGE TC32)

282

Glossary
UNIFORMITARIANISM: A theory that rejects the idea that catastrophic forces were responsible
for the current conditions on the Earth. The theory suggests that continuing
uniformity of existing processes are responsible for the present and past conditions
of this planet. In geology, doctrine holding that changes in the earth’s surface that
occurred in past geologic time are referable to the same causes as changes now
being produced upon the earth’s surface.
UNIQUE

CONDITION UNIT:

A type of mapping unit that implies the classification of each
instability factor into a few significant classes which are stored into a single map,
or layer (Chung et al., 1995).
V

VOLUNTARY RISK: Risk that an individual or society usually takes willingly. Examples include
rock climbing, skiing, and motorcycle riding (Wise et al., 2004).
VULNERABILITY: The degree of loss to a given element or set of elements at risk resulting from
the occurrence of a landslide (Varnes and IAEG Commission on Landslides and
other Mass-Movements, 1984).
Z
ZONATION (ZONING): Division of the land surface into areas of actual or potential landslide
susceptibility, hazard or risk.
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Two months in the lab may save you
a couple of hours in the library.
When everything else fails,
read the manual.
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Appendix A1 – Variables used in the text

Variable

Description

Equation
introduced

AL

Area of a landslide.

4.1

ALT

Total area of landslides in an area or in an inventory.

4.2

AM

Area of a mapping or terrain unit.

4.1

AVR

Average vehicle risk index, a function of the length of the hazard zone (LH), of
the percentage of a vehicle that at any time can be expected to be within the
hazard zone (VH), the average daily traffic, and the posted speed limit.

C

8.15

Consequence, the effect of a hazard to an element at risk, given some kind of
temporal effect.

8.4

Rock fall count, obtained as output of the software STONE and used to
determine rock fall hazard (HRF).

7.6

DL

Landslide density, the frequency, proportion or percentage of landslide area.

4.1

E

Mapping error index, measures the degree of mismatch between two inventory
maps.

4.2

Landslide hazard determined at the basin scale. It is the probability of
occurrence within a specified period and within a given area of a landslide of a
given magnitude.

7.1

Landslide hazard determined at the national scale. It is the probability of the
consequences of a landslide exceeding one casualty within a specified period
and within a given area.

7.4

cRF

HL

HL

HL
hRF
HRF
IL

Landslide hazard determined at the site scale. Depends on the frequency of
landslide movements (FL) and on the landslide intensity (IL).

8.17

Rock fall flying height, obtained as output of the software STONE and used to
determine rock fall hazard (HRF).

7.6

Rock fall hazard, a linear combination of rock fall count (cRF), maximum rock
fall flying height (hRF), and maximum rock fall velocity (vRF).

7.6

Landslide intensity, a function of landslide volume (vL) and of the landslide
expected velocity (sL)
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Variable
M

Description

Equation
introduced

Mapping matching index, measures the degree of match between two
inventory maps.

4.3

ME

Earthquake magnitude.

5.5

mL

Magnitude of a landslide event, with mL=logNLT

5.6

NF

Number of fatalities produced by a landslide event.

8.10

NCL (≥AL) Cumulative number of landslides with area greater or equal to AL.

5.2

NLT

Total number of landslides in an area or an inventory.

5.2

N(t)

Total number of landslides or landslide events in a period t.

4.4

p

Estimated probability of a landslide event (in time t).

4.8

P(AL)

Probability density of landslide area. The frequency density, f(AL) divided by
the total number of landslides in a substantially complete inventory, NLT.

5.3

Probability of the consequences of a landslide event, measured by the number
of fatalities caused by the event.

7.4

Exceedance probability of occurrence of landslide events during time,
estimated using a Poisson or binomial distribution model.

4.5

The probability of an hypothesis on some event A occurring conditioned by
the fact that event B has occurred (Bayes theorem).

6.5

P(C)
P(NL)
P(A|B)
P(NF)

The probability that NF fatalities will occur in a single random landslide event.

P(S|H)

The probability that there will be a spatial effect, given a specific harmful
landslide.

8.4

The probability that there will be a temporal effect, given that there is a spatial
effect.

8.4

RL

Rate or landslide occurrence, from an historical catalogue of landslide events.

4.4

RS

Specific landslide risk, in QLRA the expected degree of loss due to a
landslide.

8.6

P(T|S)

RS

8.10

Specific landslide risk, in qLRA, depends on the interaction between landslide
hazard (HL) and the expected vulnerability to the elements at risk (VL).

8.18

Total landslide risk, the expected number of lives lost, person injured, damage
to property, or disruption of economic activity due to a landslide, or the risk to
all specific elements from all specific hazardous affecting landslides.

8.8

S

Landslide susceptibility, the probability of spatial landslide occurrence.

6.9

t

Time.

4.5

WL

Vulnerability, the degree of loss to a given element, or a set of elements, at risk
resulting from the occurrence of a landslide of given magnitude.

8.2

Rock fall velocity, obtained as output of the software STONE and used to
determine rock fall hazard (HRF).

7.6

RT

vRF
ζ

The Riemann Zeta function.

λ

The estimated average rate of occurrence of landslides, in a period t; λ=1/µ.
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8.10
4.6

Variables
Variable
µ

Γ(ξ)

Description
Estimated mean recurrence interval between successive landslide events, in a
period t; µ=1/ λ and µ=1/p.

Equation
introduced
4.6

∞

Gamma function, Γ( ξ ) = y ξ −1 exp( − y )dy , ξ > 0
∫
0

5.4
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Acronym

Explanation

AD

An abbreviation for “Anno Domini” in Latin or “the year of the Lord” in
English. Also listed as CE stands for “Common Era”.

ADT

Average Daily Traffic.

ANAS

The Italian National Road Company (http://www.anas.it).

ANN

Artificial neural network.

API

Air Photo Interpretation or Aerial Photograph Interpretation.

ASCE

American Society of Civil Engineers (http://www.asce.org).

AVI

Aree Italiane Vulnerate da Frane e da Inondazioni, Areas affected by landslides
and floods in Italy. An archive inventory for Italy (Guzzetti et al., 1994)

AVR

Average Vehicle Risk (Pierson et al., 1990).

BC

Before Christ.

CDF

Cumulative Density Function.

CERN

Committee on Environment and National Resources, USA.

CNR

Consiglio Nazionale delle Ricerche, National Research Council of Italy
(http://www.cnr.it).

DA

Discriminant Analysis.

DBMS

Database Management System.

DEM

Digital Elevation Model.

DINSAR

Differential Interferometric Synthetic Aperture Radar.

DTM

Digital Terrain Model.
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ESA

European Space Agency (http://www.esa.int).

FEMA

Federal Emergency Management Agency (http://www.fema.gov).

GCM

Global Circulation Model.

GI

Geographical Information.

GIS

Geographical Information System.

GNDCI

Gruppo Nazionale per la Difesa dalle Catastrofi Idrogeologiche, of the National
Research Council of Italy (http://www.gndci.cnr.it).

IAEG

International Association Engineering Geologists.

IDNDR

International Decade for Natural Disasters Reduction, of the United Nations.

IGMI

Istituto Geografico Militare Italiano, Italian Military Geographic Institute
(http://www.igmi.org).

ILRG

International Landslide Research Group (http://ilrg.gndci.cnr.it).

IPCC

Intergovernmental Panel on Climate Change (http://www.ipcc.ch).

IRPI

Istituto di Ricerca per la Protezione Idrogeologica. Research Institute for GeoHydrological Protection, of the Italian National Research Council,
(http://www.irpi.cnr.it).

ISRM

International Society of Rock Mechanics.

ISSMGE

International Society of Soil Mechanics and Geotechnical Engineering.

ISTAT

Istituto Nazionale di Statistica, the Italian Census Bureau (http://www.istat.it).

LHI

Landslide hazard index (van Westen, 1997).

LHZ

Landslide hazard zone (Cardinali et al., 2002b).

LNRF

Landslide Nominal Risk Factor (Gupta and Joshi, 1990).

LRA

Logistic Regression Analysis

LSI

Landslide Susceptibility Index (Sarkar et al., 1995).

MCMC

Markov Chain Monte Carlo.

MCS

Mercalli Cancani Sieberg scale for earthquake intensity.

MR

Mortality Rate.

NASA

National Atmospheric and Space Administration (http://www.nasa.gov).

NSTC

National Science and Technology Council, USA.
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PCA

Principal Component Analysis.

PDF

Probability Density Function.

PMF

Probability Mass Function.

PSHA

Probabilistic Seismic Hazard Analysis.

QLRA

Quantitative Landslide Risk analysis.

QLRA

Qualitative Landslide Risk analysis.

SAR

Synthetic Aperture Radar.

SDFC

Standardized Discriminant Function Coefficient.

SEJ

Structured Expert Judgment.

SICI

Sistema Informativo sulle Catastrofi Idrogeologiche, Information System on
Geo-Hydrological Catastrophes in Italy. (http://www.irpi.cnr.it, Guzzetti and
Tonelli, 2004).

SOC

Self Organized Criticality (Back et al., 1992).

SPI

Surface Percentage Index (Uromeihy and Mahdvifar, 2000).

SRTM

Shuttle Radar Topography Mission, of NASA.

SS

Strada Statale, State Road.

TIN

Triangular Irregular Network.

TMU

Terrain Mapping Unit.

UCU

Unique Condition Unit.

UNDRO

United Nations Disaster Relief Organization (http://ochaonline.un.org/).

UNESCO United Nations Educational, Scientific and Cultural Organization
(http://www.unesco.org).
USGS

United States Geological Survey (http://www.usgs.gov).

VEI

Volcanic Explosivity Index.

WLI

World Landslide Inventory.

WP/WLI

International Geotechnical societies’ UNESCO Working Party on World
Landslide Inventory.
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Research Council (Consiglio Nazionale delle Ricerche), Perugia, Italy.
Appointments
• President Natural Hazards Division, European Geosciences Union (2002 -)
• Secretary IWG on Natural Hazards, European Geophysical Society (2001-2002)
• Head of the Applied Geology and Geomorphology Team, CNR - IRPI (1991 -)
• CNR Researcher, at CNR - IRPI (1985-1996)
• Visiting scientist, U.S. Geological Survey, Menlo Park, California (1985-1986)
• Consultant, Field Geologist (1983-1984)
Education
• 1983, Laurea in Scienze Geologiche (110/110 cum laudae) – Dipartimento di Scienze della
Terra, Università degli Studi di Perugia, Perugia, Italy
• 1984, National Examination for Registered Geologist. Università “La Sapienza”, Rome.
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National and International memberships and professional affiliations
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